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ZUSAMMENFASSUNG 
 
Das Fliegen hat den Fledermäusen ermöglicht den Raum dreidimensional zu nutzen, 
verschiedene Nischen zu besetzen, sowie die Echoortung zu entwickeln. Damit wurden auch 
Gehirnstrukturen geprägt welche mit Navigation, Orientierung  und räumlichem Gedächtnis 
assoziiert sind. Bei den nichtecho-orientierten aber auf Geruchsinformationen angewiesenen 
Fruchtfledermäusen findet sich denn auch eine markante Entwicklung von Schizocortex, 
Paleocortex, Hippocampus, aber auch des  Bulbus ofactorius. Diese Studie konzentriert sich 
daher auf diese Strukturen.   
Mittels immunhistochemischen und stereologischen Methoden untersuchten wir bei 
Epomophorus wahlbergi und Eidolon helvum die Zytoarchitektur der Area entorhinalis 
(entorhinaler Cortex, EC), insbesondere in der Cortexschicht II, die Neurogenese im piriformen 
(olfaktorischen) Cortex und Gyrus dentatus des Hippocampus, sowie die Moosfaserverteilung in 
der CA3-Region des Hippocampus. Diese Befunde wurden mit der Zytoarchitektur der Maus und 
Ratte verglichen.  
Der entorhinale Kortex der Fruchtfledermäuse ist vergleichbar mit dem anderer Säugerarten.  
Er gliedert sich in eine mediale (MEA) und laterale (LEA) Area entorhinalis. Von besonderem 
Interesse war die Schicht II der Area entorhinalis, weil diese Sternzellen (stellate cells) enthält 
die aufgrund neurophysiologischer Untersuchungen als „grid cells“ funktionieren, welche die 
Position des Individuums in Bezug auf externe Landmarken kodieren. Wir fanden bei 
Epomophorus wahlbergi eine gut-differenzierte Schicht II in der MEA, aber nicht  in der LEA, und 
bei Eidolon helvum eine gut-differenzierte Schicht II nur in der LEA. Dies lässt vermuten, dass 
art-spezifische Veränderungen im EC mit unterschiedlichen sensorischen 
Verarbeitungsprozessen verbunden sind. 
Eine Detailanalyse der Schicht II des EC zeigte, dass Eidolon helvum in der MEA einen deutlich 
kleineren Anteil an polygonalen Sternzellen aufweist. Darüber hinaus fanden sich artspezifische 
Unterschiede im zellulären Aufbau der MEA bei der Ratte und der Maus, besonders beim Anteil 
der Sternzellen. Dies deutet auf mögliche Artunterschiede in der neuronalen Aktivität zur 
Erfassung der  räumlichen Position. 
Die quantitative und qualitative Analyse des Gyrus dentatus zeigt bei Fruchtfledermäusen, im 
Vergleich zu Nagern, eine geringere Anzahl von Körnerzellen, sowie eine reduzierte 
Moosfaserprojektion auf die basalen Dendriten der Pyramidenzellen in der CA3 
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Hippocampusregion. Der Gyrus dentatus der Fruchtfledermäuse hat die Fähigkeit behalten, 
neue Neurone zu bilden, aber die Proliferationsrate ist niedrig. Dies widerspiegelt vermutlich 
die Langlebigkeit dieser Arten.  
Der pirifome (olfaktorische) Cortex ist ein atypischer Cortex, der aufgrund einer beachtlichen 
Neurogeneseaktivität bei den untersuchten adulten Fruchtfledermäusen, vermutlich auch 
strukturelle Plastizität aufweist.  Neugebildete Neurone wandern in einem “migratory stream“ 
aus der subventrikulären Proliferationszone im Unterhorn des Seitenventrikels zum 
olfaktorischen Cortex. Aehnliches wurde bei Nagern und Primaten beschrieben. Das macht die 
Fruchtfledermäuse zu einem vielversprechenden Modell für olfaktorische Experimente im 
Zusammenhang mit   der räumlichen Orientierung. 
Im Vergleich zu Primaten teilen die Fruchtfledermäuse, in den untersuchten Regionen, den 
Aufbau der Schicht V der Area entorhinalis, sowie eine niedrige Rate der hippocampalen 
Neurogenese;  mit anderen Arten die frühe altersbedingte Abnahme der adulten Neurogenese 
im Hippocampus und der Area piriformis. Das reflektiert aber wahrscheinlich eher evolutionäre 
Konvergenz bei der Verarbeitung von räumlich-sensorischen Informationen als eine 
Verwandtschaft mit Primaten wie sie gelegentlich postuliert wurde. 
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Summary 
Flight has allowed the bats to use their space in three-dimensions, occupy diverse niches and 
develop a unique sensory modality, echolocation. This study investigates the morphological 
characteristics associated with spatial navigation, orientation and memory in non-echolocating 
African fruit bats. These characteristics have led to diversifications in brain structures that are 
associated with spatial performance. In fruit bats, the high encephalisation corresponds to 
structures associated with spatial demands related to foraging behaviour, including the 
schizocortex, paleocortex, olfactory bulbs, hippocampus, and olfactory bulbs.  
Using immunohistochemical and stereological techniques, we studied the cytoarchitecture of 
the entorhinal cortex (EC), the cellular composition of the medial entorhinal area (MEA) layer II, 
neurogenesis in piriform cortex and dentate gyrus of the hippocampus, and the mossy fibre 
distribution in Wahlberg’s epauletted fruit bat (Epomophorus wahlbergi) and the straw-
coloured fruit bat (Eidolon helvum). These findings were compared to the cytoarchitecture of 
mouse and rat.  
Our findings indicate that the entorhinal cortex of the fruit bats shares similarity in organisation 
with several species and can be differentiated into a MEA and lateral entorhinal area (LEA) 
component, and five fields, two in MEA and three in LEA. We noted that Wahlberg’s epauletted 
fruit bat had a well-differentiated layer II in the MEA but not so in the LEA, and the straw-
coloured fruit bat had a well-differentiated layer II only in the LEA. We concluded that species-
specific changes in the EC are related to specific sensory processing requirements.  
A special focus was laid on stellate cells in the layer II of the entorhinal cortex as they represent 
most likely a correlate of “grid cells” involved in spatial localization of the individual. This 
analysis showed that the layer II of the MEA particularly of the straw-coloured fruit bat presents 
with a low proportion of polygonal stellate cells. We also noted species-specific differences in 
the cellular composition of the MEA in the rat and mouse, particularly in the proportion of 
stellate cells. This implies differences in neural activity in line with species-specific stimulus 
processing in the EC. 
Qualitative and quantitative analysis of the dentate gyrus revealed a low number of granule 
cells. The intra- and infrapyramidal mossy fibres in fruit bats have a scattered distribution and 
appear smaller in size in comparison to rodents. The dentate gyrus has retained the ability to 
generate new neurons, but the proliferation rate was low as predicted in long-lived late-
maturing species.  
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The piriform cortex is an atypical cortex which has also retained structural plasticity as 
indicated by considerable adult neurogenic activity. Newly generated neurons tangentially 
followed a migratory stream, from the subventricular zone bordering the temporal lateral 
ventricle to the piriform cortex, as also described in primates and rodents. This makes the fruit 
bat a good model for experiments related to olfactory use in spatial navigation. 
From a comparative point of view, fruit bats share certain brain characteristics with primates, 
such as in the organisation of layer V of the entorhinal cortex and the low rate of hippocampal 
neurogenesis; with other species age-related decline in hippocampal and piriform neurogenesis. 
This is possibly related to convergences in evolution in the processing of sensory information 
and regulation of brain function.  
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ABBREVIATIONS 
 
EC Entorhinal cortex 
MEA  Medial entorhinal cortex 
LEA Lateral entorhinal cortex 
DG Dentate gyrus  
SP-MF Suprapyramidal mossy fibre  
IIP-MF Intra-and Infrapyramidal mossy fibre 
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AIMS OF THE THESIS 
 
Using a comparative morphological approach, we investigated structures that are known to be 
involved in spatial navigation, orientation and memory as can be inferred from other species, 
the ecology and behaviour of bats and previously described brain characteristics. We undertook 
to do the following: 
 Describe the chemo- and cytoarchitecture of the entorhinal cortex, making a comparison 
between two closely related fruit bat species, rodents and primates.  
 
 Compare the cellular composition of layer II of the medial entorhinal cortex between 
two closely related fruit bats, rat and mouse, identifying the various cellular components 
and providing estimates of size, neuronal proportions and densities.  
 
 Investigate hippocampal neurogenesis, making comparisons with the microbats, rodents 
and primates with the aim to determine its characteristics in fruit bats, species which 
use sensory mechanisms that approximate those of the rodents and primates.  
 
 Investigate piriform neurogenesis, expected to be prominent in fruit bats because of 
their reliance on olfaction, for locating ripe fruit and orientation as inferred from the 
foraging behaviour. 
 
 Consider evolutionary relationships in the investigated structures in bats by making 
comparisons with rodents and primates providing information on brain, behaviour and 
evolutionary relationships. 
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INTRODUCTION 
 
THE FRUIT BATS 
Order:  Chiroptera (Bats) 
Suborder: Megachiroptera (Fruit bats) 
Family:  Pteropodidae 
Subfamily: Pteropodinae 
Study species and collection 
The bats (Chiroptera) are the second largest taxonomic group after rodents, and are composed 
of two families, the Microchiroptera (microbats) and Megachiroptera (fruit bats). These 
suborders share an evolutionary history [Teeling et al. 2000; Shen et al. 2010] but are diverse in 
sensory use. Echolocation is developed in the microbats for use in homing, foraging and social 
interactions while the fruit bats rely on olfactory and visual senses [Barton et al. 1995; 
Hutcheon et al. 2002]. Only one fruit bat family, Rousettus, uses echolocation. Frugivory is a 
shared dietary preference between the fruit bats and the fruit-eating microbats although it 
appears to have developed independently in the two groups [Hutcheon et al. 2002]. 
Study species: The two study species, Wahlberg’s epauletted fruit bat (Epomophorus wahlbergi) 
(Fig. 1a) and the straw-coloured fruit bat (Eidolon helvum) (Fig. 1b) are endemic to Africa.  
 Wahlberg’s epauletted fruit bat: Wahlberg’s epauletted fruit bats were trapped within the 
National Museums of Kenya grounds in Nairobi, Kenya. The roosts were located under the eaves 
of buildings, in groups of about 10 individuals. Adult females carried their young on foraging 
flights. Young and adult animals were trapped. Criteria for age determination in bats include 
tooth wear, closure of the femoral epiphyseal plate, forearm measurements and body weight. 
Adults weighed between 60 – 80 grams, and young between 40 – 50 grams. These species was 
roosting silently with little interaction between group members. Wahlberg’s epauletted fruit bat 
set off for foraging at about 1900 hours and can fly about 4 km to foraging sites [Acharya 1992]. 
The young are sexually mature at 15 months [Acharya 1992] and the lifespan for this species in 
captivity is over 10 years. This species shows sexual dimorphism, and males can be 
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differentiated from females from the white epaulettes on their shoulders [Kingdon 1984a; 
Nowak 1994]. 
Straw-coloured fruit bat: The trapping of this species was done in Uganda, where large colonies 
are found roosting within the capital city, Kampala. Colonies number hundreds to thousands of 
individuals roosting on palm trees at heights of 20 – 30 meters. The bats were highly alert and 
disturbances, such as advancing a net towards them set them off. Loud vocalisations were heard 
from the roost. The bats left the roost between 1845 and 1900 hours and returned between 
0500 and 0600 hours. Adults carried juveniles weighing between 90 – 110 grams on foraging 
flights. The adult weighed between 250 – 280 grams. Sexual dimorphism is less distinct 
[Funmilayo 1979; Kingdon 1984a; DeFrees and Don 1988; Nowak 1994]. Foraging distances of 
over 30 km can be covered in a single night [Kingdon 1984b], and this species has been known 
to migrate annually covering several thousand kilometres [Richter and Cumming 2008]. Their 
lifespan is approximately 21 years in captivity [DeFrees and Don 1988]. 
 
   Figure 1: Fruit bats at roost 
   
  Wahlberg’s epauletted fruit bat Straw-coloured fruit bat                  
 
Ecological demands 
Flight has led to the Chiroptera invading many different habitat niches, and therefore they 
exhibit extreme diversity in morphological and functional brain features [Baron et al. 1996b]. In 
the fruit bats, the brain development has been subject to ecological demands related to their 
large home range, complex habitats, dietary specialisation, social organisation, and flight 
behaviour. Predatory challenges are low but roosting in open places leaves them vulnerable to 
occasional attacks, and their brain development is also related to behavioural flexibility and 
high alertness.  
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The two fruit bats are closely matched in their ecological adaptations and behaviour, making 
them good candidates for a comparative study. Similarities include diet, roost location within 
large cities, and sizeable home ranges. Differences include the larger home range, high flying 
and migratory behaviour in the straw-coloured fruit bat, as well as its highly gregarious nature. 
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SPATIAL NAVIGATION, ORIENTATION AND MEMORY  
Examining individual neural systems provides information on the evolutionary diversification 
of the mammalian brain in response to specific ecological demands. Generally, fruit bats are 
highly neocorticalised compared to similar-sized rodents and microbats, related to their 
ecological and behavioural demands [Baron et al. 1996b]. Dietary preference has been shown to 
influence the size of the brains in bats [Hutcheon et al. 2002], insectivores and primates [Barton 
et al. 1995] either through the selective adaptation to stimuli that need to be processed for 
feeding or in the associated information storage and retrieval systems [Harvey and Krebs 1990]. 
The sensory requirements for foraging have led during evolution to the selective enlargement of 
specific brain regions involved in this kind of processing [Harvey and Krebs 1990]. These 
include the olfactory bulbs, lateral geniculate nuclei, septohippocampal limbic structures 
(septum, hippocampus, schizocortex, diencephalon) and paleocortex (amygdala, piriform cortex 
and other structures ) [Barton et al. 1995; de Winter and Oxnard 2001]. A more detailed 
understanding of selection pressures and specialisations requires data on functionally specific 
subsystems which have interrelated functions [Barton et al. 1995], such as those involved in 
spatial navigation, orientation and memory. 
 
Although the selected fruit bats are phylogenetically close, there is extensive diversification in 
their brain structures. The straw-coloured fruit bat is considered a more primitive member of 
the subfamily based on skull characteristics, separating it into a distinct niche [Baron et al. 
1996a]. The striatum, amygdala, paleocortex (retrobulbar region, anterior olfactory nucleus, 
olfactory tubercle and piriform cortex) and septum are the best developed telencephalic 
structures. In Wahlberg’s epauletted fruit bat, the most progressive telencephalic structures are 
the olfactory bulbs, amygdala, striatum, and neocortex [Baron et al. 1996d]. The schizocortex 
(entorhinal (EC) and perirhinal cortex, presubiculum and parasubiculum) and hippocampus are 
the least progressive structures in both species [Baron et al. 1996c]. It would therefore seem 
that they have a greater need for the processing of olfactory and emotive input and that related 
to behavioural flexibility and cognitive ability.  
 
Several brain structures play a role in spatial navigation, orientation and memory, including the 
hippocampus, entorhinal and piriform cortices and olfactory bulbs, and these structures are 
markedly larger in fruit bats compared to microbats. In primates, insectivores [Barton and 
Harvey 2000] and bats [Baron et al. 1996d] there is a size correlation between the hippocampus 
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and entorhinal cortex, reflecting close anatomical and functional links between these structures 
[O'Keefe and Conway 1978]. This could be attributed to their increased need to form spatio-
temporal representations of specific locations [Baron et al. 1996c; de Winter and Oxnard 2001]. 
The piriform cortex and olfactory bulbs have strong interconnections with the entorhinal cortex 
and disynaptic access to the hippocampal formation [Haberly and Price 1978]. There is data to 
suggest that there is an association between hippocampal functions and odour memory 
encoding and storage in the piriform cortex [Chaillan et al. 1996]. Olfaction may be important 
for spatial orientation and navigation, as shown in locating a food resource (fruit) that is 
spatially and temporally unpredictable in its occurrence [Hodgkison et al. 2007; Raghuram et al. 
2009].  
 
THE ENTORHINAL CORTEX 
The entorhinal cortex (EC) is part of the parahippocampal region that plays a critical role in 
memory, learning and navigation. Investigations in various species have shown great diversity 
in the EC, ranging from the three-layered EC in the tenrec (a primitive insectivore) that is 
uniform in its appearance [Künzle and Radtke-Schuller 2000] to the well-developed primate EC 
which shows increased cellularity and better organised layers and fields [Amaral et al. 1987]. 
There is no reason therefore to assume that the EC of the bat would resemble that of any other 
species. We briefly review, below, the morphological and functional differentiation of the EC 
based on other species. 
 
Cytoarchitecturally, the EC is a transitional region between the allocortex and neocortex, 
characterised by a cell-sparse layer IV (lamina dissecans) instead of a granular layer, present in 
all investigated mammalian species [Amaral et al. 1987]. A medial (MEA) and lateral (LEA) EC 
division is recognised in most mammalian species, including bats [Brodmann 1909; Rose 1912]. 
These divisions show differences in cytoarchitecture, inputs and outputs [Kerr et al. 2007]. 
Further investigations of the MEA and LEA have led to the identification of additional fields 
[Amaral et al. 1987] which vary in cytoarchitectural organisation and cortical location between 
species. The classifications of these fields have led to a number of schemes in different species 
[Amaral et al. 1987; Insausti et al. 1997; Uva et al. 2004; Wóznicka et al. 2006]. Of all the fields 
defined based on cytoarchitectural patterns, functional specialisation can only be attributed to 
the primate EO LEA field, which is the sole recipient of direct input from the olfactory bulb 
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[Amaral et al. 1987] and field CE in the rat which may preferentially deal with visuo-spatial 
information [Insausti et al. 1997; Brun et al. 2008]. 
 
From investigations in the rat, the EC inputs and outputs have been shown to be diverse and 
have made the structure increasingly complex to understand. Cortical input into the EC shows a 
preference, targeting distinct parts and partitioning it into (i) MEA and LEA divisions; (ii) caudal 
and lateral EC parts and; (iii) medial and rostral EC parts [Insausti 1993]. The MEA receives its 
main input from the postrhinal cortex, while the LEA receives its input mostly from the 
perirhinal cortex [Burwell and Amaral 1998]. The caudal and lateral EC parts receive primarily 
visual and visuospatial input while medial and rostral EC parts receive olfactory and emotive 
input [Burwell and Amaral 1998]. The caudal and lateral EC parts are better developed and 
organised than medial and rostral parts [Insausti 1993], which may be tested in the bats.  
 
Functional studies have also differentiated the EC based on spatial tuning, with the MEA being 
strongly spatially tuned (more robust grid cells and better spatial selectivity) compared to the 
LEA [Hargreaves et al. 2005]. A gradient in the spatial tuning has been observed, with the 
ventromedial MEA showing less specific spatial tuning (an increase in grid spacing and field 
size) in comparison to dorsocaudal MEA [Hafting et al. 2005].  
 
Typically, the EC has been defined as that cortical part that projects to the hippocampus and EC 
efferents can be differentiated based on hippocampal termination levels and patterns. The 
caudal and lateral EC parts project to septal levels of the hippocampus, while medial and rostral 
EC parts project to temporal levels. Input from the MEA targets the middle molecular layer of 
the dentate gyrus (DG) and stratum lacunosum-moleculare of CA3, while the LEA projections 
terminate onto the outer molecular layer and stratum lacunosum-moleculare of the DG and CA3 
hippocampal regions, respectively [Witter et al. 2000]. The termination of the MEA projections 
in the molecular layer can be identified using cholecystokinin reactivity as can those from the 
medial perforant pathway using encephalin [Fredens et al. 1984] . Likewise, the terminal fields 
are recognised by Timm’s stain. 
 
Previous investigations on the connection pattern between the EC and hippocampus in fruit 
bats were limited by the lack of a description of the cytoarchitectural organisation of the EC 
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[Buhl and Dann 1991]. Our study aims to provide detailed information on the architecture of the 
EC in the bats which have unique spatial demands by virtue of flight and are navigating in three-
dimensions. The fruit bats have a high encephalisation index [Baron et al. 1996d], and therefore 
the neocortical-hippocampal connections are expected to be prominent, and the EC would 
therefore be anticipated to be well-developed. Our description would be useful to a comparative 
understanding of the entorhinal-hippocampal system and functional future studies of the EC in 
bats.  
 
LAYER II OF THE MEDIAL ENTORHINAL CORTEX 
The MEA in the rat, largely processes information from visual, visuospatial and olfactory cortical 
regions [Burwell and Amaral 1998], that is useful to spatial navigation and orientation. Cortical 
efferents to the EC primarily target layers II and III, and these layers also form the main input 
into the hippocampus [Witter 2007]. Layer II stains prominently in Nissl staining and 
characteristically presents with clustering of the cells. Layer II is fairly heterogenous in cyto- 
and chemoarchitecture, and function, reviewed below.  
 
Layer II contains a special type of modified pyramidal cell, referred to as the stellate cell. It is the 
most abundant cell type in MEA layer II. Other cell types include pyramidal, horizontal bipolar 
and tripolar cells, and various interneurons. Stellate cells have large polygonal or ovoid soma, 
elongated perpendicular to the pial surface. Four or more thick primary dendrites emerge from 
the soma in a radial or bi-tufted pattern [Klink and Alonso 1997]. Stellate cells are a diverse 
class, showing differences in somal shape  and size [Schwartz and Coleman 1981], expanse and 
calibre of the dendritic [Klink and Alonso 1997] and axonal arbours [Lorente de Nó 1933]; up to 
eight classes have been identified using intracellular staining [Klink and Alonso 1997]. 
Pyramidal cells are medium-sized to large cells with conical or triangular soma. They have a 
large apical process oriented perpendicularly or obliquely to the pial surface, which may 
bifurcate at the border between layers I and II. Horizontal bipolar and tripolar cells have round 
or elongated somata are usually located at the border between layers I and II [Schwartz and 
Coleman 1981; Klink and Alonso 1997]. The stellate, pyramidal and horizontal cells (principal 
cells) are known to project to the hippocampus [Schwartz and Coleman 1981]. Other cell types 
such as the small round cells [Jones et al. 1993] and those of fusiform appearance [Wouterlood 
et al. 2000], are likely to be interneurons. There are also other interneurons such as basket and 
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chandelier cells that share somal characteristics with the projecting neurons, making it 
challenging to differentiate them in Nissl stain.  
 
Layer II cells can also be differentiated chemoarchitecturally. GABAergic interneurons can be 
differentiated using calcium binding proteins, such as caliretinin, calbindin and parvalbumin, 
which recognise subsets of interneurons [Rogers and Resibois 1992; Tuñón et al. 1992; 
Wouterlood et al. 1995; Wouterlood et al. 2000]. Interneurons comprise about 10% of the 
entorhinal cell population [Kumar and Buckmaster 2006]. Neurofilament markers also 
preferentially stain types of principal cells within layer II suggesting sub-populations [Beall and 
Lewis 1992]. There is no marker currently available to differentiate the glutaminergic neurons 
or principal cells in MEA layer II.  
 
In studies in the rat, physiological characterisation has distinguished between stellate cells and 
non-stellate cells in the MEA layer II. Stellate cells exhibit sub-threshold theta oscillations and 
spike clustering, which are not observed in pyramidal neurons [Alonso and Klink 1993; 
Hasselmo and Brandon 2008]. These physiological properties of the stellate cells make them the 
most likely correlate for the grid cell, a functional cell type that is concerned with the spatial 
representation of location in an animal’s environment [Hafting et al. 2005]. Pyramidal neurons 
in MEA layer II show persistent spiking activity, which is associated with the activity of the grid 
cells in coding spatial location [Hasselmo and Brandon 2008]. Physiological properties of the 
grid cells suggest that they comprise the path-integration-based system [McNaughton et al. 
2006; Hasselmo and Brandon 2008]. There is no information on the function of other MEA layer 
II cells. 
 
Unbiased estimates of neuronal cell numbers and size in the MEA layer II exist in the rat [Merrill 
et al. 2001; Rapp et al. 2002], but overall estimates conceal the cellular heterogeneity of this 
layer. In the mouse, estimates of EC neuronal numbers from a transgenic mouse model are the 
only existing data [Irizarry et al. 1997]. Differentiating the cellular composition would be useful 
to functional investigations. It would also be useful in determining species differences and 
changes along the mediolateral and dorsoventral axis, which may have functional implications. 
Species differences in the composition of layer II cells are very likely based on sensory 
information processing requirements, for example in the computing location vectors for three-
dimensional flight in bats [Ulanovsky and Moss 2007]. Functional cell types in the MEA layer II 
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have been reported to vary in rat and mouse [Fyhn et al. 2008]. Additionally, observed changes 
in grid properties, that is, increase in field size from dorsal to ventral, are suggested to be 
attributed to changes in cellular densities [Brun et al. 2008] or possibly distributions of specific 
phenotypes. We therefore expect differences in the composition of the MEA layer II associated 
with flight behaviour and sensory stimuli, within the bats and between bats and rodents.  
 
This data would be used in modelling studies useful to the understanding of the EC. For example 
as an indicator for disease-associated cellular changes in mouse transgenic models of 
Alzheimer’s disease [McGowan et al. 2006], where the pathology is mainly observed in layer II 
and is associated with changes in the neuronal numbers, densities and sizes [Beall and Lewis 
1992].  
 
HIPPOCAMPAL PLASTICITY   
Research in the hippocampus has confirmed that it has an important role in emotion, memory 
and learning, and spatial performance [O'Keefe and Nadel 1978]. Hippocampal-dependent 
spatial abilities, such as home range navigation and foraging are critically important to fruit bats 
for survival. Spatial performance has a large influence on the size of the hippocampus in bats; 
hippocampal size in birds has also been correlated with the need to process spatial information 
[Krebs et al. 1989]. Those bats that are fast-flyers and forage in open spaces away from 
vegetation and other obstacles have low hippocampal size indices [Baron et al. 1996c]. In 
addition to habitat type, comparative analysis of the size of the hippocampus of numerous bat 
species has shown that foraging demands are another main factor determining the size of the 
hippocampus [Safi and Dechmann 2005]. Fruit-eating bats may have greater foraging demands 
than insectivorous microbats and rodents, needing to remember the spatial-temporal 
distribution of their food. In fruit-eating microbats, over 40% of their brain volume is thought to 
be concerned with audition [Suthers I970], and they have therefore not developed their 
hippocampi to the same extent as fruit bats [Hutcheon et al. 2002]. Not surprising, the fruit bats 
have the largest hippocampus among the bats [Hutcheon et al. 2002]. Migratory behaviour does 
not correlate with the relative size of the hippocampus among fruit bats, and it is likely that they 
rely on celestial [Baron et al. 1996c] and or magnetic cues [Holland et al. 2006]. 
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It is notable that even while schizocortex and hippocampus are larger in fruit bats than 
microbats and have higher size indices compared to similar-sized rodents, these structures are 
not the most progressive in the telencephalon of the two species [Baron et al. 1996a]. Buhl and 
Dann [1991] made the observation of a 3 – 6 cell layer thick DG in Pteropus fruit bat species, 
compared to a 10 – 12 granule cell-layer thickness in rodents. We therefore expect low granule 
cell counts in fruit bats. 
 
The fruit bats are long-lived [Wilkinson and South 2002] and they maintain a roost over long 
periods of time allowing them to build a spatial map of their environment within an early period 
in life, and thereafter may navigate using well-learned routes. Navigation by well-learned routes 
which does not require the flexible application of past experiences does not recruit the 
hippocampus [McNamara and Shelton 2003], suggesting lower reliance on this structure. 
Rodents on the other hand are short-lived and under severe predatory pressure and require an 
accurate knowledge of their space, suggesting a higher reliance on the hippocampus. Some 
rodents also have sizeable home ranges. A high granule cell number has been correlated to large 
home territories in wild rodents [Amrein et al. 2004a], and it is therefore of interest to conduct 
granule cell counts in the straw-coloured fruit bat.  
 
Projecting neurons of EC layer II terminate onto the molecular layer of the DG. This input is 
likely to modulate the function of the DG in a species-specific way. The DG is a phylogenically 
old structure that has retained the ability to generate new neurons. Input from the perforant 
pathway has been shown to be important for the survival and integration of newly generated 
neurons into the DG [van Praag et al. 2002]. The new neurons are continuously produced in the 
adult vertebrate brain [Altman and Das 1965] from progenitor cells located in the sub-granular 
zone (SGZ) of the DG. From here they migrate into the granule cell layer [Cameron et al. 1993] 
and make synapses with CA3 cells [Markakis and Gage 1999]. Previous reports of low to absent 
hippocampal neurogenesis in microbats [Amrein et al. 2007] suggest a need for a comparison 
with fruit bats. It may be that this process is attenuated in bats in general, or is modulated by 
echolocation.  
 
In rodents, the role of new hippocampal neurons in spatial memory and learning is not clear 
[Leuner et al. 2006] and studying natural populations is one approach towards determining its 
functional relevance [Amrein et al. 2008]. Likely roles include replacing old neurons to keep 
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circuits functionally young [Nottebohm 2002], supporting complex forms of spatial memory 
[Dupret et al. 2008] and improving spatial information processing through enhancing memory 
encoding in CA3 [Treves et al. 2008]. Although the hippocampus is functionally differentiated 
along its longitudinal axis [Moser and Moser 1998; Fanselow and Dong 2010] and a sub-
regional analysis of the DG would be preferred in deducing a spatial or non-spatial role for the 
new neurons [Snyder et al. 2009], there is currently no agreement on how to differentiate septal 
and temporal hippocampus. 
 
Large home ranges in rodents are correlated with high rates of cell proliferation and 
neurogenesis [Amrein et al. 2004b]. Thus, if large home ranges are associated with high levels of 
proliferation one would expect high rates in fruit bats also. On the other hand, lifespan also 
influences the extent of neurogenesis, with long-lived late-maturing species such as primates, 
having a lower rate of hippocampal cell proliferation and neurogenesis [Kornack and Rakic 
1999]. This would, conversely, predict a low rate in fruit bat, which live long (~20 years) and 
mature late (sexual maturity at 15 months in Wahlberg’s epauletted fruit bat).  
 
The temporal development of the hippocampus in rodents is likely to maintain a high degree of 
plasticity in adulthood than the early developing one in primates [Kornack and Rakic 1999]. 
Thus, if the temporal development and lifespan are the key factors in predicting dentate 
neurogenesis in fruit bats, one would also expect to find a high number of early formed granule 
cells as compared to the number observed in fully grown adults. This prediction has been tested 
in this thesis by comparing granule cell count in young and adult age groups in Wahlberg’s 
epauletted fruit bats. Concurrently, we have also investigated other forms of morphological 
plasticity such as the size of the infra- and intrapyramidal mossy fibres of the hippocampus, a 
feature that has been correlated to hippocampal development, spatial abilities, lifestyle and 
habitat type in rodents [Schwegler and Crusio 1995; Pleskacheva et al. 2000]. 
 
THE OLFACTORY SYSTEM 
The olfactory system is the most variable sensory system in Chiroptera, and the development of 
the main olfactory bulb and olfactory cortex vary in relation to the use of olfaction, in foraging 
behaviour, communication between group members and mother-young relationships. In fruit 
bats, olfactory stimuli have been considered dominant in searching, detection and selection of 
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fruit [Nowak 1994; Baron et al. 1996c; Hutcheon et al. 2002; Raghuram et al. 2009] and may be 
particularly important in nocturnal foraging, when the use of vision is restricted [Barton et al. 
1995]. The main olfactory structures, olfactory bulbs and paleocortex, take up a large part of the 
telencephalon of fruit bats [Baron et al. 1996c]. The piriform cortex (a phylogenetically old, 
three-layered cortex) forms the largest component of the paleocortex [Haberly and Bower 
1989].  
 
The entorhinal cortex is closely associated with the piriform cortex – in fact in insectivores it is 
difficult to differentiate the two regions [Künzle and Radtke-Schuller 2000] and in rodents there 
are extensive reciprocal connections between the piriform and entorhinal cortex [Haberly and 
Price 1978]. This may suggest that both regions are involved in the processing of both olfactory 
and spatial information. The hippocampus receives and processes polysensory information, 
including olfactory input from the piriform cortex through the lateral entorhinal cortex 
[Schwerdtfeger et al. 1990]. Physiological studies have shown that stimulation of the lateral 
olfactory tract and piriform cortex evokes potentials in the DG [Wilson and Steward 1978; 
Habets et al. 1980]. Odour-driven hippocampal place cells that fire in response to a specific 
odour at a particular place [Wood et al. 1999] suggest the combining of odour (object) and 
spatial information [Eichenbaum 1999] in hippocampal representations. Fruit bats can detect 
the smell of ripe bananas from an experimental distance setup of 1.5 metres [Luft et al. 2003] 
and when flying at speed of 15 km/h [Baron et al. 1996c]. Therefore, the olfactory-entorhinal-
hippocampal circuits may be important for the establishment or recall of olfactory memories 
associated with events [Shipley et al. 2004], such as spatial ones. These olfactory memories may 
be important for spatial orientation and navigation, guiding the foraging behaviour of fruit bat 
[Hodgkison et al. 2007; Raghuram et al. 2009].  
 
The piriform cortex, like the DG shows cellular plasticity. It functions as an association cortex, 
detecting and learning correlations between olfactory representations and past experiences 
[Haberly 2001]. The olfactory bulb [Lois et al. 1996] and piriform cortex [Shapiro et al. 2007] 
receive a continuous supply of newly generated neurons which originate from the 
subventricular zone of the lateral ventricle. This process has been observed in several 
mammalian species, including fruit bats, suggesting that it has been conserved throughout 
evolution and reflects a shared importance of olfaction. The olfactory system of fruit-eating bats 
is adapted to a large variety of fruit odours [Luft et al. 2003], and odour discrimination and 
memory in the piriform cortex may be dependent on the survival of new neurons, as in the 
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olfactory bulbs where they are necessary for readapting to ongoing environmental changes 
[Petreanu and Alvarez-Buylla 2002; Rochefort et al. 2002; Barnes et al. 2008]. We therefore 
expect a fairly prominent cellular plasticity in the piriform of fruit-eating microbats and fruit 
bats. 
  
The following chapters will document our findings and answers to the questions raised in detail, 
in form of publications that have already appeared or are under review. 
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PUBLICATIONS 
 
THE ENTORHINAL CORTEX OF THE MEGACHIROPTERA: A COMPARATIVE STUDY OF 
WAHLBERG’S EPAULETTED FRUIT BAT AND THE STRAW-COLOURED FRUIT BAT. 
Brain structure and function 214: 375 - 393 
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Abstract 
Modelling entorhinal function or evaluating the consequences of neuronal losses which 
accompany neurodegenerative disorders requires detailed information on the quantitative 
cellular composition of the normal entorhinal cortex. Using design-based stereological methods, 
we estimated the numbers, proportions, densities and sectional areas of layer II cells in the 
medial entorhinal area (MEA), and its constituent caudal entorhinal (CE) and medial entorhinal 
(ME) fields, in the rat and mouse. We estimated layer II of the MEA to contain ~58,000 neurons 
in the rat and ~24,000 neurons in the mouse. Field CE accounted for more than three-quarters 
of the total neuron population in both species. In the rat, layer II of the MEA is comprised of 
38% ovoid stellate cells, 29% polygonal pyramidal cells and 17% pyramidal cells. The 
remainder is comprised of much smaller populations of e.g. horizontal bipolar, tripolar, oblique 
pyramidal and small round cells. In the mouse, MEA layer II is comprised of 52% ovoid stellate 
cells, 22% polygonal stellate cells and 14% pyramidal cells. Significant species differences in the 
proportions of ovoid and polygonal stellate cells suggest differences in physiological and 
functional properties. The majority of MEA layer II cells contribute to the entorhinal-
hippocampal pathways. The degree of divergence from MEA layer II cells to the dentate granule 
cells was similar in the rat and mouse. In both rat and mouse, the only dorsoventral difference 
we observed is a gradient in polygonal stellate cell sectional area, which may relate to the 
dorsoventral increase in the size and spacing of individual neuronal firing fields. In summary, 
we found species-specific cellular compositions of MEA layer II, while, within a species, 
quantitative parameters other than cell size are stable along the dorsoventral and mediolateral 
axis of the MEA. 
Key words: species differences; caudal entorhinal field; medial entorhinal field; stellate cells; 
nucleator; optical fractionator 
Layer II of the medial entorhinal area (MEA) contains a morphological, physiological, chemical 
and functional heterogeneous population of cells. Morphologically, based on the shape and size 
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of the soma and dendritic arbour and spine characteristics, subtypes of stellate (Klink and 
Alonso, 1997a), pyramidal (Lorente de Nó, 1933, Klink and Alonso, 1997a) and horizontal 
(Schwartz and Coleman, 1981) cells have been identified. Multipolar cells that closely resemble 
the stellate cell (Tamamaki and Nojyo, 1993) have also been reported. Parvalbumin is expressed 
by two types of GABAergic multipolar interneurons, which differ in soma size and dendritic 
length (Wouterlood et al., 1995). Calretinin labels few GABAergic and non-GABAergic bipolar 
and multipolar interneurons (Wouterlood et al., 2000) and calbindin identifies GABAergic 
multipolar interneurons that do not co-express parvalbumin or calretinin (Rogers, 1992, Tuñón 
et al., 1992). Neurofilament markers also give a staining pattern that suggests different 
subpopulations of cells (Beall and Lewis, 1992). Physiologically, hippocampally projecting cells 
are broadly classified as stellate, pyramidal and horizontal, distinguished by their active and 
passive membrane properties (Alonso and Klink, 1993) and differential responses to cholinergic 
innervation (Klink and Alonso, 1997b). Spatial firing patterns of the MEA layer II cells have 
established at least four functional neuronal phenotypes in the mouse (Fyhn et al., 2008).  
In a recent study of the EC of megachiropteran bats (Gatome et al., 2010) we observed species 
differences in the cellular makeup of MEA layer II – both between the bat species and, based on 
the data currently available, also between bats, rats and mice. While there are design-based 
estimates of cell numbers in the layers of the EC (Irizarry et al., 1997, Mulders et al., 1997, 
Merrill et al., 2001, Rapp et al., 2002) the phenotypic composition of MEA layer II is only 
available from electrophysiological (Alonso and Klink, 1993) and tract-tracing studies 
(Schwartz and Coleman, 1981) with their inherent cell selection biases. We therefore decided to 
apply design-based estimators to the rat and mouse MEA layer II and describe quantitative 
species differences. Earlier findings of the MEA layer II species differences include projections of 
layer II cells to the contralateral dentate gyrus in the rat but not in the mouse (van Groen et al., 
2002), and projections to CA3 that originate predominantly from layer II in the rat but from 
layer III in the mouse (van Groen, 2001). Functional phenotypes may differ too, with the grid, 
head-direction, conjunctive grid-head direction and border cells in layer II of the mouse (Fyhn 
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et al., 2008), while only grid and border cells have been identified in layer II in the rat (Fyhn et 
al., 2004, Solstad et al., 2008). 
Furthermore we investigated dorsoventral differences within the MEA fields CE and ME in the 
densities, proportions and sectional areas of neuronal phenotypes. Dorsoventral gradients have 
been described in the physiological properties of MEA layer II stellate cells (Giocomo et al., 
2007, Garden et al., 2008). The scale of the grid representation of the environment increases 
along the dorsoventral axis of the MEA (Brun et al., 2008), which by means of topographically 
organised projections to the hippocampus (Dolorfo and Amaral, 1998, Witter, 2007) is likely to 
relate to a similar dorsoventral expansion of hippocampal place fields (Kjelstrup et al., 2008). A 
relationship between the scale of the grid and the number of cells necessary to represent the 
environment has been suggested (Brun et al., 2008). We compared the same parameters 
between the CE and ME to investigate if the quantitative morphological makeup of layer II may 
provide information on a possible functional differentiation between the two fields. 
This information will be valuable in studies of entorhinal-hippocampal information processing 
and as a basis for the evaluation of histopathological changes associated with laboratory rodent 
models of diseases such as Alzheimer’s disease and schizophrenia (McGowan et al., 2006) which 
impact on layer II of the EC (Gomez-Isla et al., 1996). 
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EXPERIMENTAL PROCEDURES 
 
Nissl staining 
Twenty micron thick glycolmethylacrylate-embedded Giemsa-stained horizontal sections 
prepared in previous studies on five 30-day old female Wistar rats (West et al., 1991, Mulders et 
al., 1997)  and six 4-month old female C57BL/6 mice (Ben Abdallah et al., 2010) were used.  
 
Stereology 
Layer II of the MEA was delineated at a 360x final magnification. Using the StereoInvestigator® 
software (MicroBrightfield Inc, Colchester, Vermont), total cell numbers were estimated using 
the optical fractionator (West et al., 1991) with a 40x oil-immersion objective (N.A. 1.3) in every 
10th (mouse) or 18th (rat) section with a counting frame sized 40 by 40 µm, a disector height (h) 
of 10 µm and x, y-steps of 100 µm. The guard zone above the disector sample was 2 µm thick, 
and section thickness (t) was measured at every 6th sampling site. On average, 9 sections per rat 
(8 - 10) and 10 sections per mouse (9 - 11) were used in field CE. In field ME, 5 sections per rat 
(4 - 5) and 5 sections per mouse (5 - 7) were studied. Cell number (N) estimates were calculated 
using  
  
 
   
 
 
   
 
 
   
         
 
 
         
 
where ssf is the section sampling fraction, asf is the area sampling fraction, hsf is the height 
sampling fraction and     is the total number of cells counted in the disector samples. 
Number-weighed section thickness (Dorph-Petersen et al., 2001) was used for t. 
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Proportions of cell types were obtained by dividing the count per phenotype with the overall 
count. The density for each phenotype was estimated by dividing the count per phenotype with 
the number of disectors that fell within the region of interest. 
The sectional area of neuronal somata was estimated using the Nucleator method (Gundersen, 
1988, Tandrup, 1993) for cells counted in the disector samples. The nucleolus was used as the 
cell’s reference point. The sectional area of a cell (AN) was calculated using        
 , where ln 
represents the mean distance from the nucleolus to the cell membrane. 
The tracings of layer II with the markers of cells counted were used to determine the locations 
of ovoid and polygonal stellate cells and pyramidal cells. 
 
Fields within the MEA 
The MEA has been divided into two fields, CE and ME (Insausti et al., 1997). Field CE (rat: Fig. 
1a, d; mouse: Fig. 1e, h) has a distinct layer II, distinguished by the presence of large, densely 
staining cells, a broad and homogenous layer III and a well-developed layer IV. Layers V and VI 
are densely populated and have a radial columnar organisation.  Field ME (rat: Fig. 1a, c; mouse: 
Fig. e, g) is a narrow strip of cortex parallel and lateral to CE. It has a distinct layer II that is 
separate from a bilaminar layer III, wide layer IV, and distinct and wide layers V and VI. The 
ventromedial extreme of the MEA is not included in our analysis because layer II cannot be 
reliably distinguished from layer III. 
To compare estimates of cell density and cell sectional area between the dorsal and ventral 
parts of MEA fields CE and ME, sections of each animal containing the subfields were divided 
midway to give equally sized dorsal and ventral batches. Measurements from sections in each 
batch were averaged. When the sections were odd-numbered, measurements from the middle 
section were used in both the dorsal and ventral batch. 
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---- insert figure 1 approximately here ---- 
Neuronal Types 
Stellate cells have been defined based on their shape (Schwartz and Coleman, 1981), size, and 
structure of dendritic (Lorente de Nó, 1933, Ramón y Cajal, 1988, Klink and Alonso, 1997a) and 
axonal arbours (Lorente de Nó, 1933). Those with large, polygonal and often trapezoid somata 
that are either transversely or vertically oriented are referred to as polygonal stellate cells (Fig. 
2a, c, e – g, j - l). Four or more thick primary dendrites emerge from the soma in a radial or bi-
tufted pattern. The term polygonal encompasses a variety of somal shapes, of which the ones we 
most commonly observed correspond best with cells Ia and Ib of Klink and Alonso (1997a), the 
cell illustrated by Tamamaki and Nojyo (1993) in their figure 1A, vertical stellate cells shown by 
Schwartz and Coleman (1981) in their figure 2 and type I spinous stellate cell illustrated by 
Jones (1994). Ovoid stellate cells are smaller in size and have round or elongated somata (Fig. 
2a – h, i). Multiple small calibre dendrites and typically one or two somewhat larger dendritic 
trunks emerge from the soma. Often, they are oriented vertically. Cell Ic of Klink and Alonso 
(1997a) or the type II stellate cell illustrated by Jones (1994) would represent commonly 
observed ovoid stellate cells in our material. 
Pyramidal cells (Schwartz and Coleman, 1981, Ramón y Cajal, 1988, Klink and Alonso, 1997a) 
are medium-sized to large cells with conical or triangular somata (Fig. 2a, d, f, I; cell IIa of Klink 
and Alonso, 1997a). They have a large apical process oriented perpendicular to the pial surface, 
which may bifurcate at the border between layers I and II. Oblique pyramidal cells (Klink and 
Alonso, 1997a) resemble the pyramidal cells but their apical process is oblique to the pial 
surface.  
Horizontal bipolar (Fig. 2b, g, h; Germroth et al., 1989, their figure 1) and tripolar (Fig. 2d, e, k; 
Schwartz and Coleman, 1981, their figure 1; Klink and Alonso, 1997a, their figure 9) cells have 
round or horizontally elongated somata and are usually located at the border between layers I 
and II. 
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Other types include small round cells (Fig. 2c, e, h; Jones and Buhl, 1993, their figure 1), and 
those of fusiform appearance (Wouterlood et al., 2000, their figure 3B). 
 
Biotin dextran amine (BDA) labeling 
To compare cellular characteristics visible in the Giemsa stained sections with the extended 
dendritic trees visible after retrograde BDA labelling, four 7-month old female C57BL/6 mice 
were anaesthetized with ketamine (100 mg/kg) and xylaxine (15 mg/kg). Pressure injections of 
0.5 μl of 10% BDA (MW 10,000; B9139, Sigma-Aldrich, Missouri) in 0.9% saline were made at 
two sites (bregma 2.0, 1.0 lateral and 2.0 ventral; bregma 3.75, 2.5 lateral and 3.25 ventral) 
(Franklin and Paxinos, 1997). After 3 days survival, the animals were deeply anaesthetized with 
sodium pentobarbital (50 mg/kg) and perfused with 0.9% saline followed by 4% 
paraformaldehyde. Brains were removed, post-fixed for 1 hour and cryoprotected in 30% 
sucrose.  
Forty micron thick horizontal sections were cut, rinsed in tris-triton buffer (pH 7.4), and 
incubated for 2 hours at room temperature with avidin-biotin-peroxidase complex 
(Vectastain® Elite ABC Kit). BDA labelled neurons were stained using diaminobenzidine as a 
chromogen, rinsed, cleared and coverslipped (Fig. 2 i-l). 
---- insert figure 2 approximately here ---- 
 
Statistics 
The coefficients of error of number estimates were calculated according to Gundersen et al. 
(1999) using the conservative m = 0 approach (Slomianka and West, 2005). Statistical analyses 
used SPSS Statistics version 17.0.0 (SPSS Inc., Chicago, Illinois). 
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One-way analysis of variance (ANOVA) and paired t-tests were used to compare dorsoventral 
and mediolateral differences in frequencies and sectional areas. Independent two-sample t-tests 
were used to analyse species differences in cell frequencies and sectional areas. A p < 0.05 was 
considered significant in all tests.  
 
Image Processing 
Images were adjusted in brightness and contrast to resemble the appearance of the sections 
under the microscope. No local image manipulations were performed in Fig. 1 and panels i - l of 
Fig. 2. For panels a - h of Fig. 2, most of the marked cells have been composited from images 
taken at several focal planes to illustrate at least some of the detail visible in the sections at high 
magnification. 
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RESULTS 
 
Cell numbers, proportions and densities 
We compared the total number of cells in layer II of the MEA (Table 1) with those obtained 
previously by Mulders et al. (1997) in the same animals. A paired t-test showed no significant 
difference in layer II total numbers (p = 0.117). The correlation between the two datasets was 
however weak (r = 0.2) and non-significant (p = 0.747). 
Species comparison. Estimates of the total cell numbers in MEA layer II and its constituent fields 
CE and ME are given in table 1. The estimated total numbers of the neuronal phenotypes, their 
proportions and p-values for the comparisons of rat and mouse are listed in table 2. In the 
mouse, MEA layer II mean cell number was approximately half of that in the rat. Ovoid and 
polygonal stellate cells and pyramidal cells were the most frequent cell types and together 
accounted for ~84% and ~83% in the CE and ME of the rat, and for ~87% and ~91% in the CE 
and ME of the mouse. 
Estimates of the numbers and proportions of individual cell types are given in table 2. Ovoid 
stellate cells comprise a significantly greater portion of CE and ME layer II cells in the mouse 
(CE: 51.8%, ME: 50.8%) than in the rat (CE: 37.9%, ME: 38.6%). Instead, the proportion of 
polygonal stellate cells is significantly smaller in the CE of the mouse (22.2%) than in the rat 
(28.8%). Numerically, differences in the proportions of ME polygonal stellate cells in mouse 
(23.6%) and rat (28.5%) are similar to the CE but did not reach statistical significance. The 
frequencies of other cell types did not differ between the rat and mouse. 
The contribution of the variance generated by the estimation procedures to the group variance 
(       /   ) was less than 0.5 for all major cell types of the CE. The ratio exceeded 0.5 for ovoid 
stellate cells and pyramidal cells of the ME and variance induced by the sampling is likely to 
contribute significantly to the observed group variances. This did however not obscure 
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significant species differences in the proportion of ME ovoid stellate cells, and proportions of 
ME pyramidal cells are so close that they would be unlikely to reach statistical significance had 
the variance generated by the estimation procedures been lower. 
Comparison of CE and ME. Cell numbers in the ME amount to just short of one-quarter of that in 
the CE. Proportions of the most common cell types did not differ between the ME and CE in the 
rat or mouse (Table 2). 
Comparison of cell densities. In the rat and mouse, we found no significant differences in cell 
densities between the CE and ME, or between the dorsal and ventral parts of the CE and ME 
(Table 3). Collated cell densities for the MEA are provided in table 4. 
 
Cell sectional areas 
In the rat field CE, comparisons of sectional areas within individual animals (ANOVA) show a 
significant dorsoventral difference in polygonal stellate cells within all animals (F = 7.2, p = 0.10; 
F = 6.3, p = 0.015; F = 11.5, p < 0.001; F = 6.7, p = 0.012; F = 7.7, p = 0.007). Across the group 
(Table 3), a paired two-tailed t-test also shows significant dorsoventral differences in polygonal 
stellate and pyramidal cell sectional areas (Fig. 3). 
In the rat field ME, dorsoventral differences were found within only one animal for ovoid 
stellate (F = 8.2, p = 0.018) and polygonal stellate cells (F = 6.2; p = 0.034). Paired t-tests across 
the group only showed significant dorsoventral differences in polygonal stellate cell sectional 
area (Table 3 and Fig. 3).  
In the mouse field CE (Table 3), within animal comparisons show a significant dorsoventral 
difference in ovoid stellate cell sectional area in only one animal (F = 6.5, p = 0.013), polygonal 
stellate cell sectional area  within all animals (F = 8.1, p = 0.008; F = 10.0, p = 0.004; F = 5.23, p = 
0.031; F = 9.3, p = 0.005; F = 5.4, p = 0.026) except one, and pyramidal cell sectional area in two 
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animals (F = 13.0, p = 0.009; F = 9.8, p = 0.017). Paired t-tests across the group for dorsoventral 
differences in sectional areas show a significant difference in polygonal stellate cell sectional 
area (Table 3 and Fig. 3). 
In the mouse field ME, individual animal comparisons showed significant dorsoventral 
differences in polygonal stellate cell sectional area in two animals (F = 8.7, p = 0.032; F = 25.0, p 
= 0.004). Paired comparisons show no significant dorsoventral differences in sectional areas for 
all cell types (Table 3 and Fig. 3). 
Collated cell areas for the MEA are provided in table 4. 
---- insert figure 3 approximately here ---- 
 
Locations of cells 
In the rat, 41% of ovoid stellate cells were located superficially and 59% deep in layer II. 56% of 
polygonal stellate cells were located superficially and 44% deep in the layer. 12% of pyramidal 
cells were located superficially and 88% deep in the layer. In the mouse, 48% of ovoid stellate 
cells were located superficially and 53% deep in layer II, and they tended to occur in clusters. 
53% of polygonal stellate cells were located superficially and 47% deep in the layer. 23% of 
pyramidal cells were located superficially and 77% deep in the layer. In both species, horizontal 
tripolar and bipolar cells were located superficially in the layer. The round and fusiform cell 
types were located superficially or deep in the layer, and usually in close contact with the soma 
of stellate and pyramidal cells, or primary dendrites of stellate cells. 
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DISCUSSION 
 
In this study we estimated cell numbers, distributions and sectional areas of neuronal 
populations in layer II of the MEA, and its fields, CE and ME, in the rat and mouse (main findings 
are summarized in Fig.4). Species-specific differences were observed in the proportions of the 
stellate cell populations. We also found dorsoventral variations in cell sectional areas in both 
species but not in densities and proportions. Fields CE and ME cannot be distinguished by the 
parameters we investigated. 
---- insert figure 4 approximately here ---- 
Methodological considerations 
The design of our study is similar to other studies investigating neuronal numbers and sizes 
(Merrill et al., 2001, Dorph-Petersen et al., 2004, Stark et al., 2007, Gatome et al., 2010). 
Characteristics that have been used to distinguish between various morphological phenotypes 
in cell-labelling studies that are recognisable in Nissl stains include the somal shape and size, 
number, root and calibre of primary dendrites. There are phenotypes that share somal 
characteristics and are best distinguished on the basis of the sparsely spinous to aspinous 
nature of their dendrites, and axon targeting  features not discernable in our material. These 
include several types of interneurons, for example basket, chandelier and bipolar cells, which 
may contribute less than 10% to the entorhinal cell population (Kumar and Buckmaster, 2006). 
Their proportions could not be assessed by us. 
The number-weighted selection of cells for counting and classification using disector probes at a 
uniform random systematic set of sampling sites throughout the EC should be unbiased by cell 
size and distribution (Dorph-Petersen et al., 2001). However, cell densities have to be treated 
with caution, because we did not control for tissue shrinkage and because they will be affected 
by the definition of the reference volume. Densities can, with confidence, only be treated as 
Gatome PhD Thesis page 57 
 
relative values. Also, unbiased estimates of cell volume require isotropic or vertical designs 
when methods like the Nucleator are employed. Preparing isotropic or vertical sections means 
sacrificing the information provided by a specific orientation of the sections. In the horizontal 
series used in this study, the Nucleator can therefore not provide unbiased estimates of cell 
volume. Instead, we used sectional areas, which can only be used for the comparison of objects 
of similar shape and orientation, i.e. for comparisons within particular cell types. 
 
Comparison with previous studies 
Cell numbers. Our estimate of ~58,000 MEA layer II cells is comparable to an earlier 
stereological estimate of ~59,000 in young Fischer 344 rats (Merrill et al., 2001). In a previous 
study of the animals used in our study (Mulders et al., 1997), the estimate was ~66,000 
neurons. About one-third of the difference is explained by differences between the section 
thicknesses used previously (mean 18.5 μm) and the number-weighed estimates used here 
(mean 17.5 μm). Taking section thickness into account, the datasets differ by only 9% (paired t-
test p = 0.36), which includes both estimator variance and possible changes in anatomical 
definitions between the investigators that performed the estimates. 
Considering the use of different mouse strains and of the disector instead of the optical 
fractionator, our estimate of ~24,000 cells for the MEA is low, but within a range that can be 
expected from an earlier estimate of ~60,000 cells for the entire EC layer II (Irizarry et al., 
1997). 
Proportions. Intracellular labelling studies in the rat have shown layer II stellate cells to 
constitute 65 - 81% of the neuronal population while pyramidal cells contribute between 17 - 
32% (Schwartz and Coleman, 1981, Klink and Alonso, 1997a). These estimates tightly bracket 
ours. The contribution of various hippocampally projecting stellate phenotypes to the overall 
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population differs from our estimates (Schwartz and Coleman, 1981), which may be due to 
methodological differences.  
Cell Sectional Areas. A stereological estimate of a mean layer II cell area of 150 µm2 (Merrill et 
al., 2001) is very close to our estimate. Dimensions provided by Klink and Alonso (1997a) for 
pyramidal and stellate cells also correspond reasonably well with our estimates. A dorsoventral 
decrease of somal surface area was also observed (Garden et al., 2008), although different 
stellate cell phenotypes were not distinguished. 
Locations. In agreement with Klink and Alonso (1997a) over 75% of pyramidal cells were 
located deep in layer II. Overall, stellate cells were evenly distributed within the layer with 
polygonal stellate cells showing a slight preference for a superficial location, which was also 
reported (Klink and Alonso, 1997a). 
 
Species comparisons 
Cell numbers and proportions. As expected, the mouse has fewer neurons in the MEA layer II 
than the rat. Although the same general types of cells are found in MEA layer II of the rat and 
mouse, the proportions varied between the species. We have previously found that cell types 
appear preserved across species while proportions can vary between species (Gatome et al., 
2010). In fruit bats, ovoid stellate cells comprised 35 – 40%, polygonal stellate cells comprised 5 
– 13%, and pyramidal cells, 17 – 18%.  We suggested that this may confer differences in neural 
activity in line with species-specific stimulus processing in the EC. The ratio between dentate 
granule cells and the MEA layer II cells is ~18 in the rat (Mulders et al., 1997) and ~21 in the 
mouse (granule cell numbers from Ben Abdallah et al., 2010), showing a little more divergence 
of the layer II projections in the mouse. Following the approach of Amaral et al., (1990), if a rat 
granule cell provides about ~2500 axospinous synaptic sites in the middle molecular layer 
(Geinisman et al., 1996, Weeks et al., 1998, Eyre et al., 2003), the extent of divergence suggests 
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that each rat MEA layer II cell contacts about ~43,000 sites – more than twice as much as 
originally proposed. This wide influence of the EC may provide the capacity for the summation 
of differently scaled grids (McNaughton et al., 2006) over large segments along the 
septotemporal axis of the dentate gyrus and for the global remapping of place fields associated 
with coordinate shifts of the grid cell frame (Fyhn et al., 2007).  
 
Relationship between structure and function 
Cell Sectional Areas. The overall cell sectional area and that of particular phenotypes such as the 
polygonal stellate cell is similar in the rat and mouse. Other similarities include the MEA 
cytoarchitecture and projection pattern to the dentate gyrus (van Groen et al., 2003). This 
correlates well with grid cell spatial firing properties, such as size and spacing of spatial fields, 
which were found to be similar in the rat and mouse (Fyhn et al., 2008). 
Cell types. Physiological investigations (Klink and Alonso, 1993, Erchova et al., 2004, Hamam et 
al., 2007) have only been able to discern between the two major classes of cells, i.e. pyramidal 
and stellate cells. Within the subtypes of principal cells in layer II of the MEA, variations of 
somal shapes and sizes, and dendritic and axonal projection patterns suggest a further 
functional differentiation between these cells (Lingenhohl and Finch, 1991, Tamamaki and 
Nojyo, 1993, Klink and Alonso, 1997a). Additionally, differences in membrane oscillation 
properties have been found in layer II stellate cells at the same dorsoventral level (Giocomo et 
al., 2007). Different functional phenotypes (cells with localised and multiple firing fields, border 
cells, conjunctive head-direction cells) that represent a range of metric information may be 
related to the morphological and physiological diversity of stellate cells. It is not clear if the 
finding of conjunctive cells in the mouse MEA layer II (Fyhn et al., 2008) may be associated with 
the prominence of the ovoid stellate cell in the mouse.  
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Dorsoventral differences. Grid cell spacing and field size increase from the dorsal to ventral MEA 
(Hafting et al., 2005, Brun et al., 2008). This change is accompanied by a dorsoventral gradient 
in synaptic and membrane properties of MEA layer II stellate cells (Garden et al., 2008, Giocomo 
and Hasselmo, 2009). Also, the decrease of polygonal stellate cell size along the dorsoventral 
axis in the MEA layer II is likely to be accompanied by a change in the complexity of their 
dendritic trees (Garden et al., 2008). Not only do morphological changes suggest that the 
contextual representation of smaller spatial fields is functionally more demanding, but the 
spatial domain is also gradually replaced by different functional domains towards the ventral 
MEA. While the dorsocaudal MEA is sufficient and necessary to mediate spatial learning and 
memory (Moser et al., 1993, Steffenach et al., 2005), lesions to the ventromedial MEA 
preferentially affect fear-related behaviour (Steffenach et al., 2005). Concerted changes in the 
sectional areas of pyramidal cells in the rat suggest similar functional changes. 
 
Conclusion 
While the density of dentate gyrus granule cells, to which entorhinal layer II cells project, has 
been known to decrease from septal to temporal in rats (Gaarskjaer, 1978), we do not observe 
corresponding changes in the cellular composition of the MEA layer II. We also did not observe 
differences between the CE and ME in either rat or mouse. We could only confirm a decrease in 
cell sectional areas along the dorsoventral axis, which appears modest in view of considerable 
physiological and functional differences observed along this axis. Our data suggest that changes 
in function along the axes of the MEA have to be accommodated by MEA layer II cell assemblies 
that do not change in composition, but that do change in composition between rat and mouse. 
We hope that the quantitative data presented here will be useful for simulations of information 
processing within the MEA grid cell network and its transformation between the MEA and 
hippocampus. 
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Table 1 
Neuron numbers (unilateral, rounded to the next 100) in fields CE and ME of the MEA. Standard 
deviations of the group means are given in parentheses. 
  CE  ME  MEA  
 
Anima
l 
Cell number        Cell number        Cell number        
Rat 1 55000 0.08 13100 0.13 68100 0.07 
 2 37400 0.11 7800 0.16 45300 0.10 
 3 44900 0.09 9400 0.16 54300 0.08 
 4 51100 0.08 8000 0.16 59100 0.07 
 5 52300 0.07 10600 0.13 62900 0.06 
 Mean 
48100 
(7000) 
0.09 9800 (2200) 0.15 
57700 
(8500) 
0.08 
        
Mouse 1 13900 0.09 4200 0.16 18100 0.08 
 2 13600 0.09 3700 0.18 17300 0.08 
 3 23200 0.07 5100 0.19 28400 0.06 
 4 13900 0.12 3700 0.21 17600 0.12 
 5 22100 0.08 4900 0.17 27000 0.07 
 6 20300 0.09 11000 0.10 31900 0.07 
Mean  
18300 
(4200) 
0.09 5400 (2800) 0.17 
23800 
(6100) 
0.08 
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Table 2 
Mean cell counts (unilateral) and proportions (%) in fields CE and ME of the MEA.        is the 
mean coefficient of error of the estimates for m = 0. PProp Species denotes the p value of 
comparisons of proportions between rat and mouse (two-tailed t-tests). PProp CE, ME denotes the p 
value of comparisons of proportions between the CE and ME. No        or P values are presented if 
meaningful estimates could not be calculated due to small sample sizes. 
 
 Cell type Number 
(SD) 
CE Proportion 
(SD) 
PProp CE, ME PProp 
Species 
  Rat Mouse Rat Mouse Rat Mouse Rat Mouse  
CE ovoid stellate 18095 
(3407) 
8982 
(1742) 
0.13 0.13 37.9 
(7.6) 
51.8 
(5.6) 
0.849 0.751 0.007 
 polygonal 
stellate 
13901 
(2813) 
3959 
(1539) 
0.13 0.17 28.8 
(2.6) 
22.2 
(5.0) 
0.957 0.622 0.027 
 pyramidal 8390 
(1044) 
2573 
(1473) 
0.16 0.24 17.7 
(2.9) 
12.9 
(4.7) 
0.397 0.209 0.083 
 oblique 
pyramidal 
1015 
(499) 
158 
(55) 
  2.0 
(0.8) 
0.8 
(0.2) 
   
 horizontal 
tripolar 
966 
(506) 
98 
(72) 
  1.5 
(1.2) 
0.7 
(0.5) 
   
 horizontal 
bipolar 
282 
(343) 
38 
(52) 
  0.6 
(0.7) 
0.2 
(0.3) 
   
 round 2498 
(1105) 
1099 
(489) 
0.31 0.32 5.0 
(1.7) 
6.2 
(2.0) 
0.598 0.161 0.343 
 others 3181 
(1366) 
978 
(297) 
0.28 0.34 6.4 
(2.1) 
5.3 
(1.9) 
0.144 0.256 0.356 
ME ovoid stellate 3797 
(1208) 
2166 
(279) 
0.24 0.21 38.6 
(9.0) 
50.8 
(4.9) 
  0.018 
 polygonal 
stellate 
2696 
(466) 
768 
(420) 
0.28 0.30 28.5 
(7.8) 
23.6 
(4.1) 
  0.213 
 pyramidal 1585 
(909) 
1054 
(228) 
0.38 0.40 15.6 
(5.5) 
16.5 
(7.0) 
  0.820 
 oblique 
pyramidal 
155 
(251) 
17 
(38) 
  1.4 
(2.4) 
0.7 
(1.1) 
   
 horizontal 
tripolar 
246 
(188) 
37 
(51) 
  2.1 
(2.0) 
0.8 
(1.2) 
   
 horizontal 
bipolar 
100 
(115) 
20 
(44) 
  1.0 
(1.4) 
0.7 
(1.0) 
   
 round 472 
(326) 
155 
(115) 
  4.5 
(2.8) 
3.4 
(2.8) 
   
 others 794 
(246) 
541 
(747) 
  8.3 
(2.2) 
3.5 
(2.5) 
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Table 3 
Dorsal (D) and ventral (V) mean densities and cell sectional areas (µm2) in fields CE and ME.  
 Cell Type Density Sectional Area 
             Rat             Mouse             Rat             Mouse 
  Dorsal Ventral PD,V Dorsal Ventral PD,V Dorsal Ventral PD,V Dorsal Ventral   PD,V 
CE ovoid stellate 0.42 
(0.06) 
0.44 
(0.05) 
0.70 0.54 
(0.11) 
0.61 
(0.05) 
0.09 158 
(16) 
149 
(14) 
0.233 135 
(13) 
128 
(15) 
  0.192 
polygonal stellate 0.32 
(0.15) 
0.35 
(0.08) 
0.68 0.24 
(0.09) 
0.28 
(0.08) 
0.43 239 
(33) 
207 
(31) 
0.015 227 
(19) 
187 
(18) 
<0.001 
pyramidal 0.19 
(0.05) 
0.21 
(0.04) 
0.26 0.15 
(0.07) 
0.21 
(0.1) 
0.30 208 
(26) 
181 
(18) 
0.003 185 
(15) 
161 
(22) 
 0.058 
ME ovoid stellate 0.41 
(0.12) 
0.43 
(0.07) 
0.64 0.67 
(0.12) 
0.65 
(0.15) 
0.85 154 
(20) 
148 
(18) 
0.484 130 
(13) 
135 
(9) 
  0.159 
polygonal stellate 0.28 
(0.13) 
0.36 
(0.09) 
0.36 0.28 
(0.09) 
0.29 
(0.06) 
0.85 224 
(40) 
205 
(29) 
0.048 240 
(26) 
208 
(26) 
  0.053 
pyramidal 0.17 
(0.17) 
0.19 
(0.06) 
0.70 0.18 
(0.12) 
0.23 
(0.09) 
0.43 193 
(26) 
165 
(27) 
0.091 184 
(33) 
166 
(23) 
  0.182 
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Table 4  
MEA layer II overall mean cell densities, sectional areas (µm2) and proportions (%). Areas 
and proportions were rounded to the next integer. Standard deviations are given in 
parentheses. 
 
Cell type Density  Area  Proportion  
 Rat Mouse Rat Mouse Rat Mouse 
ovoid stellate 
 
0.43 
(0.01) 
0.62 
(0.06) 
152 
(16) 
132 
(12) 
38 
(7.3) 
52 
(4.6) 
polygonal stellate 
 
0.33 
(0.04) 
0.27 
(0.02) 
219 
(34) 
215 
(29) 
29 
(2.3) 
22 
(4.0) 
pyramidal 
 
0.19 
(0.02) 
0.19 
(0.04) 
187 
(28) 
174 
(24) 
17 
(3.0) 
14 
(4.4) 
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FIGURE LEGENDS 
 
Figure 1 
Horizontal sections at a dorsal (a, c, d, e, g and h) and ventral (b and f) level showing the 
MEA (delimited by open arrowheads) and the fields CE and ME (border indicated by grey 
arrows), in the rat (a-d) and mouse (e-h). Stippled lines in c, d, g and h indicate the border 
between layer II and III. Scale bar in a, b, e, f: 200 μm, c, d, g, h: 100 μm. 
 
Figure 2 
Neuronal phenotypes in MEA layer II. (a – h) Nissl-stained sections of rat (a - d) and mouse 
(e - h). (i – l) Retrogradely BDA labelled neurons. 1: ovoid stellate cell, 2: pyramidal cell, 3: 
polygonal stellate cell, 4: tripolar cell, 5: bipolar cell, 6: small round cell.  
Polygonal stellate cells have a polygonal soma with at least four thick primary dendrites 
emerging from the poles, in Giemsa material (a, c, e, f, and g) and BDA labelling (j, k, and l). 
In comparison, ovoid stellate cells are often smaller, with a rounded soma and less 
prominent dendritic processes in Giemsa material (a, c, f, g) and BDA labelling (i). 
Pyramidal cells are characterised by a triangular soma with a prominent thick ascending 
process and thin basal dendrites, evident in Giemsa stain (a, d, f) and BDA labelling (i). The 
triangular-shaped horizontal tripolar has three dendritic processes originating from its 
poles (e, k), and like the bipolar cell (b, h) is often located superficially in the layer. Many of 
the small round cells were found closely associated with cell soma (h) or processes (c) of 
the principal cells.  
Scale bars a -h: 10 μm, i – l: 20 μm. 
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Figure 3 
Cell area estimates of stellate and pyramidal cells in the MEA in the rat and mouse. The 
somal area of polygonal stellate cells in CE and ME, and pyramidal cells in CE decreased 
ventrally in the rat. In the mouse, the somal area of the polygonal stellate cells decreased 
ventrally in CE, while the decrease in ME is similar in magnitude but only suggesting that 
ther may be a true effect different from zero. Bars represent mean cell area ± SD. *p < 0.05; 
**p < 0.01; ***p < 0.001. 
 
Figure 4 
Schematic representation of the main findings of our study. Cell sectional areas of 
pyramidal and polygonal stellate cells are smaller ventrally. The proportion of ovoid 
stellate cells is increased in both fields of the mouse at the expense of polygonal stellate 
cells. Each cell symbol represents ~10% of the total cell population of layer II in fields CE 
and ME. MEA outlines represent a posterior view (adapted from Slomianka and Geneser, 
(1991) and Insausti et al., (1997)). 
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ABSTRACT 
Species-specific characteristics of neuronal plasticity emerging from comparative studies can 
address the functional relevance of hippocampal or cortical plasticity in light of ecological 
adaptation and evolutionary history of a given species. Here, we present a quantitative and 
qualitative analysis of neurogenesis in young and adult free-living Wahlberg’s epauletted 
fruit bat. Using PCNA, BrdU, DCX and PSA-NCAM, we describe our findings in the 
hippocampus, olfactory and cortical regions and compare them to reports in other 
mammals. Expressed as a percentage of the total number of granule cells, PCNA- and BrdU-
positive cells account for 0.04 in young (y) to 0.01% in adult (a) animals; DCX-positive cells 
for 0.05 (y) to 0.01% (a); PSA-NCAM-positive cells for 0.1 (y) to 0.02% (a); and pyknotic cells 
for 0.007 (y) to 0.005% (a). The numbers are comparable to other long-lived, late maturing 
mammals such as primates. A significant increase of total granule cell number from young to 
adult animals demonstrates the successful formation and integration of new cells. In 
adulthood, granule cell number appears stable and is surprisingly low in comparison to other 
species. Observations in the olfactory bulb and rostral migratory stream are qualitatively 
similar to descriptions in other species. In the ventral horn of the lateral ventricle, we note a 
prominent expression of DCX and PSA-NCAM forming a temporal migratory stream targeting 
the piriform cortex, possibly reflecting the importance of olfaction to these species.  
Low, but persistent hippocampal neurogenesis in non-echolocating fruit bats contrasts the 
findings in echolocating microbats, in which hippocampal neurogenesis is largely absent. 
Together with the observed intense cortical plasticity in the olfactory system of fruit bats we 
suggest a differential influence of sensory modalities on hippocampal and cortical plasticity 
in this mammalian order. 
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INTRODUCTION 
Adult neurogenesis has been reported across several species living under laboratory 
conditions or in their natural habitats [Amrein et al. 2008]. Similarities and differences have 
been described in proliferative zones and rates of neuron formation [Kaslin et al. 2008] with 
species-specific differences attributed to lifespan and age [Kornack and Rakic 1999; Lindsey 
and Tropepe 2006; Ben Abdallah et al. 2010]. The functional relevance of adult-born neurons 
is still intensively investigated, and studying natural populations with a wide range of 
ecological and behavioural demands is an advocated approach in the functional investigation 
of adult neurogenesis [Nottebohm 2002; Treves et al. 2008; Barnea 2009; Barnea 2010].  
Bats occupy an unique ecological niche among mammals, and initial investigations in 
echolocating microbats (Microchiroptera) [Amrein et al. 2007] have demonstrated 
neurogenesis in the olfactory bulb and subventricular zone common to also rodents [Lois et 
al. 1996] and primates [Pencea et al. 2001]. However, hippocampal neurogenesis in 
microbats was observed to be largely absent and, when present, occurred at a low rate 
[Amrein et al. 2007]. Microbats and the non-echolocating fruit bats (Megachiroptera) share 
an evolutionary history with an unique adaptation to flight and longevity [Teeling et al. 2000; 
Shen et al. 2010; Wilkinson and South 2002] and fruit-eating microbats and fruit bats have a 
common ecological niche [Thies et al. 1998; Hutcheon et al. 2002; Hodgkison et al. 2007]. 
Fruit bats use olfactory and visual senses for spatial orientation and navigation, as shown for 
locating ripe fruit [Hodgkison et al. 2007; Raghuram et al. 2009]. Indeed, brain regions 
processing visual and olfactory information are prominent in fruit bats [Barton et al. 1995; 
Hutcheon et al. 2002]. Most interesting is that nectar- and fruit eating lifestyles evolved 
independently in micro- and fruit bats, leading to convergent clustering of brain proportions 
in these species [de Winter and Oxnard 2001]. Nectar- and fruit eating microbats lack adult 
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hippocampal neurogenesis [Amrein et al. 2007], and investigating fruit bats can therefore 
reveal if cellular plasticity in these species is subservient to phylogenetic constraints 
characterising the Chiroptera or, if present, is a trait reflecting a mosaic organization caused 
by selective adaptation as proposed by de Winter & Oxnard (2001).  
 
Descriptions of cellular plasticity as inferred from cortical doublecortin (DCX) staining include 
almost the entire brain if compounded across the investigated mammalian species [Gould et 
al. 2001; Nacher et al. 2001; Bernier et al. 2002; Nacher et al. 2002; Shapiro et al. 2007; 
Xiong et al. 2008; Luzzati et al. 2009]. The presence of DCX-positive cells in the piriform 
cortex appears common to several species, perhaps indicative of the shared importance of 
olfaction. The piriform cortex in its role of olfactory discrimination and autoassociative 
learning [Barnes et al. 2008; Linster et al. 2009] displays a high degree of synaptic plasticity, 
and it appears that a need for structural plasticity is reflected in the persistent expression of 
proteins such as DCX or PSA-NCAM. Given that fruit bats rely on precise olfactory 
discrimination, we therefore expect a high demand for plasticity in the piriform cortex to be 
reflected by the expression of markers of cellular plasticity.  
 
Additionally, fruit bats are relatively long-lived (~20 years) [Wilkinson and South 2002] and 
mature late; Wahlberg’s epauletted fruit bat achieves sexual maturity at 15 months of age 
[Acharya 1992]. Fruit bats therefore provide the opportunity to test the hypothesis that 
long-lived and late maturing species have lower rates of adult hippocampal neurogenesis 
[Kornack and Rakic 1999; Amrein and Lipp 2009]. We present here a qualitative and 
quantitative assessment of neurogenesis in young and adult, free-living Wahlberg’s 
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epauletted fruit bat. For this, we used antibodies against proliferating cells (PCNA and BrdU) 
and immature neurons (DCX and PSA-NCAM) and identified dying cells by their 
morphological appearance. We discuss our findings in relation to the ecology and behaviour 
of this species, and compare the rate of neurogenesis of fruit bats with rodents and 
primates. 
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MATERIALS AND METHOD 
Animals and Treatment 
The original research reported herein was performed under guidelines established by the 
National Museums of Kenya and University of Nairobi. Wahlberg’s epauletted fruit bats 
(n=14) were captured in Nairobi, Kenya, and licences were granted by the National Museums 
of Kenya. The animals were assigned to one of two age groups (young and adult, Table 1) 
based on the following criteria: closure of the femoral and humeral epiphyseal plate, body 
weight, forearm length and sexual maturity (evidence of lactation or pregnancy). Young 
animals were flying and feeding independently of adults. 
Five animals (three young, two adults) were injected with a single dose (100 mg/kg i.p.) of 
BrdU (BD Biosciences, San Diego, CA) and perfused 12 h later. 
 
Histology 
Tissue preparation: Animals were deeply anaesthetized 12 h post-capture with sodium 
pentobarbital (Nembutal®, 50 mg/kg) and transcardially perfused first with heparinised 0.9% 
saline, followed by phosphate-buffered 0.6% sodium sulphide solution and then cold 4% 
paraformaldehyde in 0.1 M phosphate buffer with 15% picric acid. Brains were removed and 
post-fixed overnight at 4°C and transferred to 30% sucrose for 24 h.  
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Immunohistochemistry:  
From frozen right hemispheres, forty micron coronal, horizontal and sagittal sections were 
cut and collected in twelve series. For each antibody, sections were run in a single batch with 
mouse brain tissue as controls. Antibody concentrations that gave the best signal to 
background ratio were determined by dilution series. Anti-proliferating cell nuclear antigen 
(PCNA) rabbit polyclonal antibody (1:30,000, Delta Biolabs, Gilroy, CA), anti-BrdU rat 
monoclonal antibody (1:400, Harlan Sera-Laboratories, Indianapolis, IN), anti-doublecortin 
(DCX) goat polyclonal antibody (1:1,000, Santa Cruz Biotechnology, Santa Cruz, CA) and anti-
polysialic acid neural cell adhesion molecule (PSA-NCAM) mouse monoclonal antibody 
(1:5,000, Chemicon, Temecula, CA) were used to demonstrate proliferation and 
neurogenesis. One series was used for each marker. Sections were rinsed in tris-triton 
buffered saline (TBS, pH 7.4), and pre-treated in 0.6% hydrogen peroxide. Epitope retrieval 
in citrate buffer (ChemMate, DAKO, Glostrup, Denmark) at 94°C was done for PCNA 
immunolabelling. Sections were pre-incubated in normal serum for 1 h at room 
temperature, before overnight incubation in primary antibodies at 4°C. This was followed by 
rinsing with TBS (pH 7.4), incubation for 2 h at room temperature with biotinylated 
secondary antibodies (1:1000, goat anti-rabbit IgG (PCNA); rabbit anti-goat IgG (DCX); 1:500, 
donkey anti-mouse (PSA-NCAM)), rinses in TBS, and incubation for 35 min with avidin-biotin 
complex (ABC) (Vectastain® Elite ABC Kit, Vector Laboratories, Burlingame, CA). 
Immunoreaction was detected using 3, 3’-diaminobenzidinetrahydrochloride (DAB) staining. 
DCX and PSA-NCAM stained sections were counterstained with haematoxylin (51275 Fluka, 
Buchs, Switzerland).  
For BrdU immunolabelling, sections were incubated overnight at 4°C with primary antibody 
following DNA denaturation (2 h incubation in 50% formamide/ 2X SSC (0.3 M sodium 
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chloride, 0.03 M sodium citrate) at 65°C), 15 min rinse in 2X SSC, 30 min incubation in 2 N 
hydrochloric acid at 37°C, and 10 min rinse in 0.1 M boric acid (pH 8.5). Detection with DAB 
followed incubation with a secondary goat anti-rat IgG (1:300, Jackson ImmunoResearch 
Laboratories, West Grove, PA) and ABC as described above. 
 
Nissl staining: Left hemispheres were processed as described in detail before [Gatome et al. 
2010]. Briefly, tissue was dehydrated, infiltrated and embedded with glycolmethylacrylate 
solution (Technovit 7100, Kulzer GmbH, Wehrheim, Germany). Twenty micron horizontal 
sections were Nissl-stained with Giemsa solution (Merck, Darmstadt, Germany).  
 
Quantitative analysis of cell numbers: Estimates of total granule cell numbers were made in 
every twelfth glycolmethylacrylate-embedded Nissl-stained horizontal sections. Using the 
StereoInvestigator® software (MicroBrightfield Inc, Colchester, VT), total granule cell 
numbers were estimated using the Optical Fractionator method [West et al. 1991] with a 
40x oil-immersion objective (N.A. 1.3) and a counting frame of 15 µm x 15 µm, a disector 
height of 10 µm and x, y-steps of 210 µm. Section thickness was measured at every 6th 
sampling site. Cell numbers were estimated using number-weighed section thickness 
[Dorph-Petersen et al. 2001]. The same sections were also used for absolute counts of 
pyknotic cells [Amrein et al. 2004] in the subgranular layer (SGL). Dying cells were counted 
throughout the thickness of the sections, omitting cells in the top focal plane. Cell numbers 
were multiplied with the inverse of the section sampling fraction, e.g. 12. In every twelfth 
immunostained section, PCNA- and BrdU- positive cells were counted in the SGL while DCX - 
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and PSA-NCAM-positive cells were counted in both SGL and granular cell layer (GCL) 
following the rules described above for pyknotic cells.  
 
Qualitative analysis of staining intensity: Analysis was performed in the same series of 
section used for the quantitative analysis for hippocampal neurogenesis. Staining pattern of 
PCNA, BrdU, DCX and PSA-NCAM was analysed in olfactory bulb, sub-ventricular zone (SVZ), 
temporal migratory stream and piriform cortex and scored as absent (0), weak staining with 
few, scattered immune-positive cells (1; e.g. Fig. 3i), moderate number of intensively 
immune-positive cells (2; e.g. Fig. 3k), intense staining with single and clustered, intensively 
immune-positive cells (3; e.g. Fig. 3d), or very intense staining with clusters and chains of 
heavily immune-positive cells (4; e.g. Fig. 3c, h).  
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Statistics: Statistical analyses were done using PASW Statistics version 17.0.0 (SPSS Inc., 
Chicago, IL). Age-dependent variations were tested with general linear model (GLM), 
correlations with Pearson's r. Coefficients of error (CE) for cell number estimates were 
calculated according to Gundersen et al. [Gundersen et al. 1999] using the conservative m = 
0 approach [Slomianka and West 2005], and the ratio CE2/CV2 (CV=coefficient of variance) 
was calculated to test if variance resulting from the estimation procedures was a major 
contributor to group variance [Gundersen and Jensen 1987]. 
 
Image processing: Images were captured at 40 x – 100 x magnifications using a MBF CX9000 
camera (MicroBrightField Inc., Colchester, VT). Adjustments were made to the brightness 
and colour of the images to restore the original optical clarity.  
PhD Thesis C.W. Gatome page 90 
 
RESULTS 
Animal details and number of brain sections analysed are shown in table 1. Adult animals 
had a higher body weight (p = 0.0001). Brain weight did not vary between the age groups. 
 
Hippocampal region 
We noted that PCNA-, BrdU- , DCX- , and PSA-NCAM-positive stained cells were mostly 
located in the infrapyramidal blade of the dentate gyrus. For all markers, few stained cells 
were also observed in the hilus and molecular layer of the dentate gyrus. Estimates of 
immunoreactive cell numbers and their relative proportions as a percentage of the resident 
granule cell population are shown in table 2 for both age groups. 
 
Proliferation: PCNA and BrdU labelling pattern were typical compared to mouse tissue (Fig. 
1a-d). The number of PCNA-positive cells was higher in young animals than in adults (p < 
0.0001, Figs. 1c, d, 2). The number of BrdU-positive cells did not differ significantly between 
the age groups although a trend towards lower numbers in adults was evident (p = 0.07, 
Figs. 1a, b, 2). Overall, the numbers of BrdU-positive cells correlated with PCNA-positive cells 
(r = 0.89, p = 0.046). In young fruit bats, proliferating cells (BrdU and PCNA) accounted for 
0.039% of the total granule cell number. In adults, this number decreased to 0.009%.  
 
Neuronal differentiation: PSA-NCAM labelling pattern was typical compared to mouse tissue 
(Fig. 1e, f). The DCX-positive cells in the hippocampus (Fig. 1g, h) and in the brain regions 
described below stained considerably weaker in comparison to PSA-NCAM. The age-
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dependent down-regulation in staining intensity was more pronounced for DCX than PSA-
NCAM (Fig. 1e-h). In both age groups, some DCX-positive cells showed an atypical staining, 
with brownish stained somata that had no obvious processes. The numbers of DCX- and PSA-
NCAM-positive cells were not significantly different between the age groups (Fig. 2). Overall, 
a strong correlation was noted between the numbers of DCX- and PSA-NCAM-positive cells (r 
= 0.89, p = 0.003). Across both age groups, DCX cell counts correlate with PCNA-positive cell 
counts, r = 0.54, p = 0.048, as do PSA-NCAM cell counts (r = 0.73, p = 0.039). 
 
Pyknotic cells: The age groups did not differ in the number of pyknotic cells (Fig. 2). Pyknotic 
cell numbers were highly correlated to PCNA-positive cell numbers in adult (r = 0.909; p = 
0.005), but not in young animals (r = 0.229; p = 0.62). Pyknotic cells were also observed in 
the hilus and molecular layer of the dentate gyrus.  
 
Granule cell number: Mean granule cell number in young animals accounts for 86% of the 
mean total number in adult animals. The granule cell number was higher in adult animals (p 
= 0.047). 
 
CE2/CV2: Ratio CE2/CV2 shown in table 2 indicates that the variation in the data introduced 
through the methodology is a minor contributor to the observed group variances. The only 
exception is total granule cell number in adults; however, in this case the average of CE 
estimates was 11% only. 
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Olfactory bulb and sub-ventricular zone (SVZ) 
Staining was typical to that observed in the mouse tissue. We observed newly born neurons 
migrating to the olfactory bulb from the lateral ventricle through the rostral migratory 
stream (RMS) as shown in rodents and primates (Fig. 3a-d) [Lois et al. 1996; Kornack and 
Rakic 2001]. There were individual clusters and chains of cells labelled for PCNA, BrdU, DCX 
and PSA-NCAM in the SVZ. DCX- and PSA-NCAM-positive cells displayed soma that extended 
stumpy dendritic processes resembling filopodia. In the olfactory bulb, proliferating cells 
appeared in small clusters in young animals, and as individual cells in young and adult 
animals (Fig. 3j, k). The olfactory bulb showed lower reactivity compared to the SVZ. A 
patent olfactory ventricle is present in the olfactory bulb of fruit bats, unlike in primates and 
mice. DCX- and PSA-NCAM-positive cells were observed in the bulbar ventricle wall and 
some spread radially towards the granule cells, extending fine processes. Scored staining 
intensities for PCNA, and BrdU (Fig. 4), and DCX and PSA-NCAM (Fig. 5) showed that 
immunoreactivity decreased significantly with age (all measurements p < 0.01) except for a 
marginally non-significant decrease of PSA-NCAM in the olfactory bulb (p = 0.055). 
 
Piriform cortex 
In young animals, a temporal stream of DCX- and PSA-NCAM positive cells is apparent from 
the ventral horn of the lateral ventricle and lines the external capsule in an apparent 
rostrodorsal direction towards the anterior piriform cortex (Fig. 3 e, f). More caudally, the 
migrating chain surrounds the amygdala targeting the posterior piriform cortex. At the 
caudal end, DCX- and PSA-NCAM positive dendrites appear perpendicular to the ventricle 
wall, ending in the posterior piriform cortex. The appearance of DCX- and PSA-NCAM-
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positive cells in the migratory stream resembled that described in the SVZ above. DCX- and 
PSA-NCAM-positive cells located in layers II and III were mostly oriented perpendicular to 
the pial surface (Fig. 3h, i). Cell clustering was more obvious in the young animals, and 
stained cells were of round, pyramidal and fusiform morphology. Most cells had several fine, 
elongated branching processes extending into the molecular layer above and white matter 
below. PCNA- and BrdU-positive cells along the ventricle walls were present in young 
animals, but scarce in adults (Fig. 3, insert in e). Scored staining intensities for PCNA, BrdU, 
DCX and PSA-NCAM in the temporal migratory stream and in the piriform cortex were 
significantly higher in young than adult animals (all measurements p < 0.01) except for PCNA 
in the piriform cortex (p = 0.15) (Figs. 4, 5). Pyknotic cells were also observed in the piriform 
cortex layer II, more frequently in young animals. 
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DISCUSSION 
We provide quantitative data and a description of neurogenesis in Wahlberg’s epauletted 
fruit bat, a member of the non-echolocating, fruit- and nectar feeding Megachiroptera. We 
report for this species a low hippocampal neurogenesis, but extensive presence of markers 
for young neurons in other brain areas such as piriform cortex. We discuss our findings in 
relation to possible functional implications within the context of other mammalian species. 
 
Hippocampal neurogenesis 
We present the first report of cellular plasticity and neurogenesis in a fruit bat species using 
immunohistochemical markers. We applied two different antibodies for proliferating cells 
(PCNA, BrdU) and differentiating neuronal cells (DCX, PSA-NCAM) and observed good 
correlations between the markers. This indicates that, within the limits of explanatory power 
of immunohistochemical techniques, proteins specific for proliferating cells and 
differentiating neurons are expressed in Wahlberg’s epauletted fruit bat, as they are in 
rodents. Comparison of neurogenesis across studies and species has to deal with differences 
in methodology and species life spans [Kempermann 2006]. We use life-stages i.e. young and 
adult, in comparing our age groups with those in other species. We also express the number 
of proliferation and neurogenesis-related cell counts as a percentage of the resident granule 
cell number. This is necessary to assess the relative importance of the newly formed cells in 
relation to the functions subserved by the resident granule cells. The relationship between 
estimates of cell proliferation, neuronal differentiation and cell death provide valuable 
insights into species- or higher order specific regulatory mechanisms of adult neurogenesis.  
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Comparative assessment 
Proliferation: In two month old C57 mice, proliferating, PCNA-positive cells [Snyder et al. 
2009] amount to ~0.9% of the total granule cell number [Ben Abdallah et al. 2010], BrdU–
positive cells in a 2h survival paradigm amount to ~0.6% [Chitra et al. 2004]. In primates, 
BrdU-positive cells [Leuner et al. 2007] amount to 0.03% (Kozorovitskiy 2005) in adult 
marmosets. In the fruit bat, the number for PCNA- positive cells is 0.04 to 0.01% of the total 
granule cell number in young and adult animals respectively, cell counts for BrdU reveal the 
same numbers. Thus, fruit bats show a low level of proliferation in the SGL that is 
comparable to primates. Our observation of equal number of BrdU- and PCNA-positive cells 
contrasts with two-fold higher number of PCNA-positive cells in comparison to BrdU-positive 
cell counts in mice [Chitra et al. 2004; Snyder et al. 2009]. However, it fits well with others, 
reporting only minor differences [Gil et al. 2005; Valero et al. 2005]. Cell cycle duration is not 
known in fruits bats, but our survival time of 12 h might have allowed cells to incorporate 
BrdU and complete mitosis resulting in two daughter cells [Cameron and McKay 2001]. 
Neuronal differentiation: With regard to neuronal differentiation, our findings fall below 
those of rodents indicating a low level of neurogenic activity in the dentate gyrus of fruit 
bats. In mice, DCX-positive cells drop from ~2.1% in two month to 0.2% in seven to nine 
month old animals [Ben Abdallah et al. 2010]. In adult Sprague-Dawley rats, the PSA-NCAM-
positive cells amount to 1.6% of total granule cells [Pham et al. 2003]. In fruit bats, PSA-
NCAM- positive cells account only for 0.1 to 0.02% of the total number of granule cells in 
young and adult animals. The percentages of DCX-positive cells are even lower (0.05 to 
0.01%). DCX and PSA-NCAM have an overlapping window of expression in rodents [Ming and 
Song 2005; Lledo et al. 2006]. In fruit bats we find that the number of PSA-NCAM-positive 
cells in the dentate gyrus is twice as high as DCX. Although staining intensity of DCX was in 
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general weaker than PSA-NCAM, which might be due to a species-specific regulation or 
different antigenicity, both markers overlap in their regional staining and age-dependent 
down-regulation.  
Cell death: In fruit bats, the pyknotic cells amount to 0.007 and 0.005% of the total granule 
cells in young and adult animals respectively, again closer to the numbers in primates [Jabès 
et al. 2010] than to mice [Ben Abdallah et al. 2010].  
 
Young fruit bats show significantly more proliferating cells and, albeit not significantly, 
higher numbers of young cells of the neuronal lineage. The net increase of total granule cells 
at the transition from young to adult animals supports the assumption of an experience-
dependent addition of new cells [Tashiro et al. 2007]. Behaviourally, this corresponds with 
the exposure to increasingly novel sensory stimuli in early flight periods. In adults, cell 
proliferation and cell death are tightly linked in rodents [Amrein et al. 2004] and fruit bats, 
suggesting similarities in the regulation of adult hippocampal neurogenesis in mammals. In 
fruit bats, the number of dentate gyrus granule cells is unlikely to increase in adulthood, as 
granule cell number, proliferation and pyknosis show low variation in the adults, despite the 
likely large range in ages of the animals studied. Essentially, we observe the same age-
dependent decrease of proliferation as shown in other mammals [Kuhn et al. 1996]. The 
decrease in proliferative activity may be due to a drop in the number of dividing precursors 
in the dentate gyrus [Olariu et al. 2007]. 
 
We found a low total number of granule cells in fruit bats, which we did not expect because 
the hippocampal size index in a sister species of Wahlberg’s epauletted fruit bat is by a 
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factor two larger than that of rats and corresponds well to that of primates [Gatome et al. 
2010]. However, the mean number of granule cells in adult fruit bats of 950’000 is below the 
reported total granule cells of 1’200’000 in rats [West et al. 1991; Rapp and Gallagher 1996]. 
Fruit bats have the largest hippocampus among the Chiroptera [Baron et al. 1996b; 
Hutcheon et al. 2002], and its functional relevance has been linked to the use of complex 
habitats and large territories [Safi and Dechmann 2005], high demands for spatio-temporal 
memory processing in locating food sources [Hutcheon et al. 2002] and high alertness 
needed for species roosting in open space [Baron et al. 1996a]. The efficiency of 
hippocampal processing in Wahlberg’s epauletted fruit bat is not mirrored in high numbers 
of resident or newly born granule cells, but might be linked to other cellular adjustments 
such as a highly differentiated entorhinal cortex [Gatome et al. 2010]. 
 
Olfactory system 
In young fruit bats, we find a prominent rostral migratory stream leading to the olfactory 
bulb, as well as a temporal stream of young neurons originating from the ventral horn of the 
lateral ventricle targeting the piriform cortex. Inspection of coronal, horizontal and sagittal 
DCX- and PSA-NCAM stained series of sections indicate that DCX and PSA-NCAM positive 
cells in anterior and posterior piriform cortex originate from the temporal migratory stream 
as shown in rabbits [Luzzati et al. 2009] and primates [Bernier et al. 2002], there is no 
indication of a caudoventral migratory stream targeting the anterior piriform cortex as 
shown in rats [Shapiro et al. 2007]. 
The staining pattern of immunoreactive cells in layer ll of the piriform cortex with their 
dendrites extending in layer l and deep layers resemble closest to what has been shown in 
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cats [Cai et al. 2009]. However, Cai and co-authors do not advocate that these cells migrate 
from the ventricles into the cortical areas, stating that DCX-positive cells in the piriform 
cortex are resident. We argue that the DCX- and PSA-NCAM-positive cells in this area are not 
likely to be progeny of resident precursor cells, but migrate from the ventricle walls to their 
final destination as shown in other species [Luzzati et al. 2009; Bernier et al. 2002], indicated 
by the strong proliferation activity in the ventricle walls of the temporal horn seen in BrdU 
and PCNA stained sections and the intense migratory stream towards the cortical area. We 
observed an age-related decrease in DCX and PSA-NCAM expression in the piriform cortex of 
the bat as described in the rat [Shapiro et al. 2007] with adult animals displaying weak 
immunoreactivity in the temporal stream and piriform cortex.  
 
Relationship between sensory modalities and neuronal plasticity? 
Expression of DCX and PSA-NCAM in the piriform cortex appears to be a common feature 
across several species for whom olfaction is important. The olfactory bulb sends direct input 
to the piriform cortex where several forms of plasticity have been reported in response to 
odour experiences [Wilson et al. 2004]. Olfactory discrimination and autoassociative learning 
in the piriform cortex [Barnes et al. 2008; Linster et al. 2009] might dependent on the 
expression of NCAM as shown in young rats [Knafo et al. 2005]. Integration of new neurons, 
which in the olfactory bulb is necessary in readapting to ongoing environmental changes and 
to maintain maximal discrimination [Petreanu and Alvarez-Buylla 2002; Rochefort et al. 
2002], could represent an adaptive process in the piriform cortex as well. The flower-visiting 
and fruit eating microbats do not express DCX in the piriform cortex (Amrein, unpublished 
observations) possibly because they have not developed their olfactory system to the same 
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extent, relying more on echolocation for food detection (Hutcheon et al. 2002). Therefore, 
DCX and probably also PSA-NCAM expression in the piriform cortex appears to be confined 
to the fruit bats. This cellular plasticity in response to sensory processing requirements thus 
reflects mosaic trait of brain organization, despite the shared ecological niche and the 
common evolutionary ancestry of the two bat groups.  
 
The abilities of the microbats to discriminate between group members and perform spatial 
tasks are aided by auditory mechanisms [Mueller and Emlen 1957; Mueller and Mueller 
1979; Boughman and Wilkinson 1998], which modulate the hippocampus in a manner 
different from rodents [Ulanovsky and Moss 2007]. Possibly, the adaptive value of the 
auditory system [O'Neill and Suga 1979; Suga and O'Neill 1979] takes precedence over other 
structures involved in spatial and olfactory tasks (Hutcheon et al. 2002). Olfactory sensory 
stimulation may be linked to hippocampal neurogenesis as olfactory bulbectomy in rats 
leads to decreased hippocampal neurogenesis [Jaako-Movits and Zharkovsky 2005; Pope and 
Wilson 2007]. If foraging demands and sensory modalities influence the occurrence and 
nature of hippocampal plasticity in fruit bats (as well), it is worth undertaking an 
investigation in a species such as Rousettus. This fruit bat species faces similar foraging 
demands as Wahlberg’s epauletted fruit bat and uses all three sensory modalities, olfaction, 
vision and echolocation. A further approach would be to investigate hippocampal 
neurogenesis in Eidolon helvum, a closely related species which uses larger home ranges and 
shows migratory behaviour. 
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Table 1: Animal and section characteristics 
 
Age group N, gender Mean body 
weight (g), SD 
Mean brain 
weight (g), SD 
Cryosections 
mean, range 
Plastic 
sections 
mean, range 
Young 2M, 5F 53.5 (11) 1.7 (0.2) 8.7 (7-10) 19.4 (18-21) 
Adult  1M, 6F 85.6 (7) 1.9 (0.1) 8.8 (7-10) 19.7 (18-23) 
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Table 2: Hippocampal proliferation and neurogenesis 
 
 Young Adult Age 
differences 
 N Cell numbers 
mean, (SD) 
In % to 
GC 
CE
2
/CV
2
 N Cell numbers 
mean, (SD) 
In % to 
GC 
CE
2
/CV
2
 p-values 
          
PCNA 7 324 (80) 0.04 0.23 7 84 (48) 0.009 0.33 <0.0001 
BrdU 3 292 (59) 0.04 0.71 2 90 (110) 0.01 0.10 0.07 
DCX 7 422 (613) 0.05 0.03 7 72 (40) 0.008 0.22 0.158 
PSA-NCAM 4 1188 (1070) 0.14 0.02 3 244 (288) 0.02 0.03 0.196 
Pyknotic cells 7 54 (24) 0.007 0.33 7 44 (33) 0.005 0.26 0.528 
Granule cells GC 7 819674 (117196)  0.39 7 945273 (94363)  1.57 0.047 
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Figure 1  
Proliferation and neurogenesis in the hippocampus of young (a,c,e,g) and adult (b,d,f,h) fruit 
bats. In young animals (a), more cells in the subgranular layer (SGL) of the dentate gyrus 
having incorporated BrdU are visible than in adults (b). PCNA immunopositive cells in the 
SGL show a staining intensity similar to mouse tissue. PSA-NCAM (e,f) and DCX (g,h) 
immunopositive cells in the dentate gyrus stain considerably weaker than cortical and 
subventricular regions (see Fig 3) and in comparison to rodents. Scale bars: a,b 50m; c-f 
20m; g,h 10m; insert in b 5m. 
 
Figure 2 
Stereologically estimated cell numbers in the dentate gyrus of young and adult fruit bats 
differ only for PCNA, all other cell numbers are not statistically different. Note the large 
individual variation in markers for young differentiating neurons (DCX and PSA-NCAM) in 
young animals. Bars = standard deviation SD 
 
Figure 3 
Proliferation and cellular neuronal plasticity in the SVZ, olfactory bulb, temporal migratory 
stream and piriform cortex in young and adult fruit bats. 
Proliferating cells visualized with BrdU in the SVZ decrease from young (a) to adult (b) fruit 
bats. The age-dependent down-regulation is obvious for DCX positive cells in the SVZ as well 
(c young, d adult). Proliferating cells (BrdU, insert in e) in the temporal horn of the lateral 
ventricle are likely to be the founder population of migrating, PSA-NCAM positive cells 
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surrounding the amygdala and targeting the piriform cortex layer ll (PSA-NCAM in sagital (e) 
and coronal (f) sections of a young fruit bat. In the piriform cortex, PSA-NCAM-positive cell 
bodies are located in layer ll, abundant in young (h) and scarce in adult (i) animals. Close up 
of a PSA-NCAM positive, radially migrating neuron in piriform layer ll is shown in g.  In the 
olfactory bulb, DCX positive cells forming extensive dendritic trees are abundant in young (j) 
and rare in adults (k). 
 BLA: basolateral amygdala; HIP: hippocampus; LV: lateral ventricle; ec: external capsule. 
Scale bars: a,b,e,f 500m; c,d,h,I,j,k and inserts in a and b 50m; g 5mm; insert in e 100m. 
 
Figure 4 
Scored staining intensity for proliferation (PCNA and BrdU) in the subventricular zone (SVZ), 
olfactory bulb, piriform cortex and temporal migratory stream (TMS) reveal an age-
dependent down-regulation in all regions except in the piriform cortex. Score: 1 weak; 2 
moderate; 3 intense; 4 very intense. Bars = SD. 
 
Figure 5 
Scored staining intensity for neuronal differentiation (DCX and PSA-NCAM) in the SVZ, olfactory 
bulb, piriform cortex and TMS reveal an age-dependent down-regulation in all regions except for 
the olfactory bulb (only PSA-NCAM). Score: 1 weak; 2 moderate; 3 intense; 4 very intense. Bars = 
SD. 
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Figure 5 
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UNPUBLISHED STUDIES 
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MEA LAYER II NEURONAL DIFFERENTIATION BASED ON SIZE  
Layer II cell size estimates were made in four adult animals of each bat species as previously 
described [Gatome et al. 2010b, in review]. Prof. Peter Macdonald (McMaster University, 
Canada) assisted in performing a MIX (mixture) distribution analysis [Leys et al. 2005] of layer II 
cell sectional area (size) estimates. Without assigning a bin size for each cell type, there was too 
much overlap between different cell types, and although 3 lognormal distributions could be 
fitted, these did not correspond to any particular cell type. We therefore binned the cells 
according to predetermined size estimates, into classes corresponding to seven cell types (Fig. 
2a). Using these conditional data (size estimates), five cell types were identifiable, but with 
overlaps in three cell types which could not be distinguished apart (Fig. 2b).  
 
Figure 2: Identification of MEA layer II cell phenotypes based on size estimates 
 
             
 Box plots showing the size distribution of 
layer II cells based on identified phenotypic 
classes, ovoid stellate cell (1), pyramidal cell 
(2), polygonal stellate cell (3), oblique 
pyramidal cell (4), small round cell (5), 
fusiform cell (6) and horizontal cells (7).  
A gamma distribution of the cell mixture 
(green curve), and five lognormal 
distributions (red curves) corresponding to 
five cell groups (red arrows). 
 
 
Conclusion: Using this method we were able to distinguish between some morphological 
phenotypes, but could not differentiate between the polygonal stellate cell, typical pyramidal 
and oblique pyramidal cell. Therefore, size alone is a poor predictor of cell type, at least for layer 
II MEA cells. This may also apply to MEA layers III, V and VI which have diverse cell types and 
the cells in the layers of the LEA. 
 
a b 
PhD Thesis C.W. Gatome page 119 
 
HIPPOCAMPAL MOSSY FIBRES IN TWO SPECIES OF FRUIT BATS  
Introduction: The axons of the dentate gyrus granule cells are referred to mossy fibres and they 
synapse with the apical and basal dendrites of CA3 pyramidal neurons. The mossy fibres have 
species-specific characteristics, and can be defined into suprapyramidal (SP-MF), intra- and 
infrapyramidal (IIP-MF) projections in the rodents and bats, but not in primates [Kondo et al. 
2008]. The distribution of the mossy fibres shows variability across and within species 
particularly in the intra- and infrapyramidal projections formed by the terminal boutons of the 
granule cell axons synapsing upon basal dendrites of cells in the CA3 region. In rodents the size 
of the IIP-MF projections has been correlated to hippocampal-mediated behaviours, for example, 
spatial abilities [Schwegler and Crusio 1995], and to habitat and lifestyle [Pleskacheva et al. 
2000].  Larger IIP-MF appear to be associated with superior spatial performance [Schwegler and 
Crusio 1995] in species living in complex environments that require smooth sensory integration 
of many stimuli in activities such as foraging [Pleskacheva et al. 2000]. Species with low 
ecological demands have small IIP-MF projections [Pleskacheva et al. 2000].  
Materials and methods: Brains from adult fruit bats were glycolmethylacrylate-embedded, cut at  
20 µm and processed in Timm’s solution, as previously described [Gatome et al. 2010c]. Using 
the StereoInvestigator® software (MicroBrightfield Inc., Colchester, Vermont), measurements of 
the hilus and mossy fibres were done using the Cavalieri estimator at 20 x objective (N.A. 0.50) 
in every 12th (Wahlberg’s epauletted fruit bat) and 24th (straw-coloured fruit bat) section. X, y 
steps of 100 µm were made and the section thickness was set at 20 µm. Statistical analysis was 
done using PASW Statistics 18 (SPSS Inc., Chicago, Illinois). Areas and volumes of the hilus, SP-
MF and IIP-MF projections (Fig. 3a - d) were divided by the granule cell count to normalise the 
data and compared using independent samples t-test at a significance level of p < 0.05. Granule 
cell counts were divided by brain weight and compared using independent samples t-test at a 
significance level of p < 0.05. 
Results: Normalised area and volume estimates of the hilus, SP-MF and IIP-MF projections are 
shown in table 1. The area of the hilar (t = -0.32; p = 0.77), SP-MF (t = -1.03; p = 0.34) and IIP-MF 
(t = 0.85; p = 0.43) projections are not different between the species. The volume of the hilar (t = 
-3.58; p = 0.01) and SP-MF (t = -4.81; p = 0.003) projections are larger in the straw-coloured fruit 
bat. The volume of the IIP-MF projections (t = -0.35; p = 0.739) shows no difference between the 
species. The normalised granule cell numbers are higher (table 1) (t = 3.686; p = 0.010) in 
Wahlberg’s epauletted fruit bat. The Gundersen’s coefficient of error (CE) for measurements of 
the hilar, SP-MF and IIP-projections are 0.06, 0.05 and 0.10 respectively, in Wahlberg’s 
epauletted fruit bat. The Gundersen’s CE for measurements of the hilar, SP-MF and IIP-MF 
projections are 0.07, 0.05 and 0.08 respectively, in the straw-coloured fruit bat. 
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Figure 3: The hippocampal region of fruit bats 
 
 
 
Table 1: Area and volume estimates of the hilar and mossy fibre projections  
 
Species Body 
weight 
(g) 
Brain 
weight 
(g) 
Section 
no. 
 
Granule 
cells / 
Brain 
weight 
Hilus 
area / 
GC 
 
Hilus 
vol. / 
GC 
 
SP-
MF 
area / 
GC 
 
SP-MF 
vol. / 
GC 
 
IIP-
MF  
area / 
GC 
 
IIP-MF 
vol. / 
GC 
 
           
Wahlberg’s 
epauletted 
fruit bat 
(n = 4) 
66 2 24 480180 
(61446) 
1.52 
(0.28) 
359.64 
(67.31) 
1.12 
(0.17) 
265.38 
(41.08) 
0.25 
(0.09) 
57.39 
(21.46) 
           
Straw-
coloured 
fruit bat  
(n = 4) 
275 4 20§ 323075 
(59092) 
1.64 
(0.75) 
507.87 
(48.19) 
1.39 
(0.51) 
451.63 
(65.63) 
0.19 
(0.08) 
61.29 
(6.43) 
 
GC refers to granule cell count and standard deviation is indicated in brackets 
§ Every 24th section in 2 animals and every 12th in 3 animals 
 
 
 
 
Wahlberg’s epauletted 
fruit bat (a, b)  
Straw-coloured fruit bat 
(c, d)  
Nissl (a, c) and Timm’s (b, 
d) stained sections 
showing the SP-MF 
projections (black arrow) 
and IIP-MF projections 
(white arrow).  
The dentate gyrus (DG), 
CA1 and CA3 regions of 
the hippocampus are 
indicated. Scale bar a – d, 
300 µm. 
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Figure 4: Area and volume estimates of the hilar, SP-MF and IIP-MF projections 
 
 
 
 
 
No species differences are observed for area estimates, but volume estimates are higher 
for hilar and SP-MF projections in the straw-coloured fruit bat (* p < 0.05; ** p < 0.01)  
 
 
Discussion: The volume of the hilar and SP-MF projections are probably scaling to brain size, 
with the smaller Wahlberg’s epauletted fruit bat having the smaller volumes. The IIP-MF 
projections have a scattered distribution and similar size in the two species, and appear less 
developed in comparison to the larger IIP-MF projections in rodents [Slomianka and West 1989; 
Pleskacheva et al. 2000]. Going by findings in rodents, we expected Wahlberg’s epauletted fruit 
bat which flies in a cluttered environment [Baron et al. 1996a] to have better developed IIP-MF. 
There may therefore be other determinants of the size of the IIP-MF projections, such as genetics 
within species [Pleskacheva et al. 2000] or the less developed IIP-MF may be a feature of fruit 
bats or bats in general, possibly related to a largely prenatal ontogenesis of the hippocampus 
[Pleskacheva et al. 2000]. The relevance in bats would then require an analysis of several 
species. We would also expect a comparable rate of hippocampal neurogenesis between the two 
fruit bat species, based on the IIP-MF projections [Pleskacheva et al. 2000].  
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CELLULAR PLASTICITY IN OTHER BRAIN REGIONS 
 
Introduction: Descriptions of cellular plasticity as inferred from cortical doublecortin (DCX) 
staining include almost the entire brain if compounded across the investigated mammalian 
species [Gould et al. 2001; Nacher et al. 2001; Bernier et al. 2002; Nacher et al. 2002b; Shapiro et 
al. 2007; Xiong et al. 2008; Luzzati et al. 2009]. 
Material and methods: In the fruit bats, we applied proliferation (PCNA, BrdU) and immature 
neuronal (DCX, PSA-NCAM) markers as previously described [Gatome et al. 2010a, in review].   
Results: PCNA-, BrdU-, PSA-NCAM- and DCX-positive cells were observed in the somatosensory 
cortex. The staining of DCX and other markers in the somatosensory cortex (Fig. 5) is more 
prominent in the young (Fig. 5 a, c) compared to adult (Fig 5b, d) animals. In comparison to the 
subventricular zone and piriform cortex [Gatome et al. 2010a, in review], the stained cells, 
mostly in layer II (Fig. 5c, d) were fewer, stained weaker and extended less processes. PCNA- and 
BrdU-positive cells were rare.  
Figure 5: DCX-positive cells in the somatosensory cortex 
 
Somatosensory cortex of Wahlberg’s epauletted fruit bat in young (a, c) and adult (b, d) animals. 
More reactivity was noted in the young animals. Arrows (a, b) indicate DCX-positive cells which are 
shown at higher magnification in inserts (c, d). Scale bars in a, b: 300 µm; c, d: 250 µm. 
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Positively stained cells to all markers were also observed in the striatum, and rarely amygdala in 
both young and adult bats. In the hippocampus, proliferative and neurogenic activity included 
the hilus, stratum radiatum, and stratum moleculare. Reports of similar hippocampal regional 
reactivity have been made in the rat [Rietze et al. 2000; Nacher et al. 2002a]. 
 
Discussion: Currently, investigations show that cell proliferation (BrdU and PCNA-positive cells) 
in the cortex, such as we observed in the somatosensory areas, is non-neuronal [Kornack and 
Rakic 2001; Koketsu et al. 2003; Bhardwaj et al. 2006]. Cortical PSA-NCAM and DCX 
immunostaining still need further clarification [Bhardwaj et al. 2006] as these proteins can be 
expressed in neurons undergoing synaptogenesis or neurite outgrowth [Nacher et al. 2001; 
Ming and Song 2005] that is experience-dependent [Cremer et al. 2000].  
Even though the nature and role of the cellular plasticity is not clear, it suggests a dynamic 
process. Fruit bats have a well developed trigeminal nerve and nucleus and their facial vibrissae 
have a large representation in the cortex. It has been suggested that they provide tactile 
information about group members and air streams which enable the bat to adjust its head 
position during flight [Baron et al. 1996c]. The cellular plasticity suggests further investigations 
in the organisation of the somatosensory receptors in the orofacial region, and tactile 
information processing in fruit bats. 
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DISCUSSION 
 
Flight has allowed the bats to use their space in three-dimensions, occupy diverse niches and 
develop a unique sensory modality, echolocation. Most fruit bat species do not use echolocation 
and have instead invested in their visual and olfactory systems. Flight is likely to produce 
immense demands on acquisition of sensory stimuli useful in the processing of location-related 
information. In guiding spatial behaviour, some of the structures involved include the EC, 
hippocampus, olfactory bulb and piriform cortex. The EC is essential for providing spatial 
(metric information) and contextual representations (odour, colour, emotional information) 
related to a location within the environment. The hippocampus links discrete events within 
memory, associated with an object (spatial and contextual representations) and a location and 
related to a behavioural episode (flight). The piriform cortex provides some of the contextual 
representation, in the form of olfactory information, which is dominant in foraging.  
 
The piriform cortex and hippocampus are characterised by structural plasticity into adulthood, 
manifested as adult neurogenesis in fruit bats, also noted in rodents and primates. Relatively 
more reactivity is observed in the piriform cortex than hippocampus in fruit bats. The entorhinal 
cortex does not show this cellular plasticity, but shows differences in its cytoarchitecture within 
the fruit bats and between bats and rodents, which may be related to the diversity and 
complexity of its inputs and outputs. Our main findings are the inter- and intraspecies 
differences in the overall organisation of the EC and the cellular composition in the MEA layer II. 
Similarities include the organisation of the deep layers of the EC and cellular elements in the 
MEA layer II. Unpublished observations in the straw-coloured fruit bat on hippocampal 
neurogenesis suggest a low rate that is comparable to Wahlberg’s epauletted fruit bat and 
piriform neurogenesis that is qualitatively also comparable. The use of two closely related fruit 
bat species allows us to examine the ecological and behavioural adaptations of brain structure. 
 
Ecological considerations 
We consider our main findings in the light of phylogenetic, ecological and behavioural 
adaptations. We also consider the functional implications of our findings. 
  
PhD Thesis C.W. Gatome page 125 
 
Phylogenetic relationship: Although the fruit bats are phylogenetically close, there is 
diversification in their brain structures [Baron et al. 1996a], which may account for the noted 
differences in the cytoarchitecture of the EC and MEA layer II [Gatome et al. 2010c]. This has 
been observed in rodents where the cytoarchitecture of the EC of the rat and mouse appears 
rather similar [Insausti et al. 1997; van Groen 2001], but has differences with the MEA fields of 
the guinea pig [Uva et al. 2004].  
  
Early investigations suggest that the rate of neurogenesis in the two fruit bat species is 
comparable, suggesting that the process is tightly regulated in these species. The differences in 
hippocampal features between the fruit bats include the higher granule cell number in 
Wahlberg’s epauletted fruit bat which may be related to species-specific differences or habitat 
complexity. These hippocampal features, and particularly those associated with the dentate 
gyrus (DG), are highly variable among rodents, and even closely related species [Slomianka and 
West 1989; Pleskacheva et al. 2000; Amrein et al. 2004a]. Hilar and suprapyramidal mossy fibre 
(SP-MF) projections that are larger in the straw-coloured fruit bat possibly scale to brain size. It 
could also be that the granule cells in the straw-coloured fruit bat send a greater number of 
projections to CA3 hippocampal region, suggesting a need to analyse intrinsic hippocampal 
circuitry. The intra- and infrapyramidal mossy fibre (IIP-MF) projections are comparable 
between the fruit bats suggesting that they are a less useful comparative feature. Information on 
the phylogenetic distance between the two fruit bat species would be useful to further 
discussions on evolutionary relationships in brain structure. 
 
Flight behaviour and habitat complexity: The low flying behaviour of Wahlberg’s epauletted fruit 
bat and navigation through vegetation (complex habitat) [Baron et al. 1996a], suggests higher 
spatial demands, and is supported by a more granule cells and a better differentiated MEA. 
Wahlberg’s epauletted fruit bat has a smaller home range than the straw-coloured fruit bat. In 
rodents, large home ranges [Amrein et al. 2004a] and high habitat complexity [Pleskacheva et al. 
2000] have been associated with high granule cell counts. Therefore, habitat complexity appears 
to be a selection pressure for hippocampal traits in both rodents and bats. Migratory behaviour 
apparently neither requires more granule cells nor a well-differentiated MEA in the straw-
coloured fruit bat [Gatome et al. 2010c]. In passerines, the size of the hippocampus is not 
influenced by migratory behaviour [Healy et al. 1991].  
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Dietary specialisations: If the dietary preference influences the size of the hippocampus, then 
specialisations to particular fruit that may require greater searching and locating behaviour may 
be relevant. Foraging for seeds over large territories in bank voles [Pleskacheva et al. 2000] 
requires more granule cells [Amrein et al. 2004a]. From literature, the two species favour similar 
fruits of the Ficus species [Kingdon 1984b; Acharya 1992], but the overlap in diet is not 
complete, and it is not clear if the foraging demands of Wahlberg’s epauletted fruit bat are 
higher. 
 
Social factors: Social factors such as group size, complexity of the social structure, and social 
learning  have been known to influence size of the neocortex in bats [Baron et al. 1996c], 
primates [Reader and Laland 2002] and other taxa [Shultz and Dunbar 2007]. Large group sizes 
and the complexity of social interactions in the straw-coloured fruit bat are suggested to be 
responsible for the increased neocorticalisation [Baron et al. 1996c], suggesting as in primates a 
greater importance of behavioural flexibility and cognitive abilities [Reader and Laland 2002]. 
This may be at the expense of the hippocampus, and hence the finding of low granule cell count 
compared to similarly sized rodents. Large flock size may be related to the larger home ranges of 
the straw-coloured fruit bat, with possibly an advantage of flock ‘effort’ in locating food 
resources. This may lower the challenge on spatial demands and impact on the size of the DG 
and differentiation of the MEA. The better developed LEA in the straw-coloured fruit bat may 
signify the greater importance of non-spatial input, possibly to address cognitive demands. 
 
Sensory modality, longevity, and hippocampal ontogeny: From a comparative perspective, the 
finding of absent to low hippocampal neurogenesis in microbats [Amrein et al. 2007] and low 
rates in fruit bats suggests that it may not be related to social organisation, complexity of 
environment, home range, and dietary preference which are shared between the two clades. It 
may be influenced by the ‘echolocation priority’, and investigations in Rousettus would help to 
clarify this. The fruit bats are long-lived late-maturing species and as predicted have a low rate 
of hippocampal neurogenesis. From a comparison of features in young and adult animals, the 
hippocampus of the fruit bats is expected to undergo a largely pre-natal development, which is 
also associated with a low rate of hippocampal neurogenesis [Kornack and Rakic 1999]. 
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Functional implications 
Functionally related subsystems have evolved together [Barton et al. 1995] and therefore the 
finding that a well-differentiated MEA layer II is related to a more populated DG seems 
consistent. The MEA and up to three-quarters of the DG are associated with spatial processing 
[Moser and Moser 1998], and it is therefore possible that Wahlberg’s epauletted fruit bat has 
higher spatial processing demands. The poorly differentiated LEA layer II in Wahlberg’s 
epauletted fruit bat may suggest a greater input of olfactory information from its well-developed 
olfactory bulbs, which has also been associated with poorly differentiated superficial layers in 
the primate field EO [Amaral et al. 1987]. It can also be inferred from our findings in rodents and 
bats that species-specific characteristics are largely restricted to the EC layer II [Gatome et al. 
2010c], related to species sensory inputs in line with functional demands. Of benefit would be 
investigations of the LEA and EC extrinsic and intrinsic circuitry in fruit bats. Generally for all 
species, beneficial investigations include the relationship of inputs to the intrinsic network for 
which there is no data available [Canto et al. 2008] and receptor architectonics, in trying to 
designate particular functions to identified EC fields. More also needs to be done on the 
biochemical differentiation of the cellular phenotypes of MEA layer II. 
 
The stellate cells, the likely morphological correlate of the grid cell, appear to be the most 
variable cell type between species [Gatome et al. 2010b, in review; Gatome et al. 2010c]. The low 
proportions of polygonal stellate cells in fruit bats [Gatome et al. 2010c], may suggest that they 
functionally rely on other morphological phenotypes. Another explanation is that there may be 
more than one morphological correlate of the ‘grid cell’. It has been reported that layers III, V, 
and VI of the MEA have cells with grid cell properties [Sargolini et al. 2006]; these layers are 
largely populated by non-stellate cells. The investigation of spatial representation in the bat 
hippocampus has already revealed some informative contrasts [Ulanovsky and Moss 2007], and 
this is likely to be reflected upstream in the MEA layer II - an identification of the grid cell 
morphological phenotype is essential and may require a species by species approach. 
 
The high size indices of the schizocortex and hippocampus of fruit bats, even compared to 
similarly-sized rodents are not reflected in the cellularity of the DG [Gatome et al. 2010c]. It is 
likely that the high indices are due to an increase in hippocampal efferent and afferent 
connectivity, already suggested in rodents [Slomianka and West 1989].  
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Hippocampal afferents may also influence the character of DG neurogenesis (low rate), but it is 
more likely that the selective pressure is based on phylogenetic differences, life-span and early 
developing hippocampus in fruit bats. From other studies, we can infer that the low rate of 
neurogenesis in fruit bats may be important for the maintenance of the DG perhaps important in 
long-lived species [Nottebohm 2002]. It could also play a role in enhancing memory processing 
functions of CA3, where even few cells are predicted to provide significant possibilities in 
memory operations [Treves et al. 2008]. Another theory is that the new cells may be required in 
few but complex hippocampal processing activities, for example in spatial relational memory. 
This requires the flexible use of geometric relationships between cues to locate a goal in a new 
environment [Dupret et al. 2008], perhaps suited to the foraging behaviour of fruit bats. The 
hippocampal neurogenesis in fruit bats may be modulated by olfactory inputs [Pope and Wilson 
2007] but perhaps far less than echolocation does for bats as a group. 
  
The overall conclusion is that the architecture and function of the EC is closely tied to 
phylogenetic make-up, species-specific behavioural and ecological demands. The EC input, 
species lifespan and hippocampal ontogeny are the overriding factors in the design and 
plasticity of the hippocampus. The bats undoubtedly have superior spatial abilities, but with a 
finding of low granule cell counts and a moderately differentiated MEA layer II, it may be 
possible that spatial processing is distributed to other regions, such as the well-developed CA1 
hippocampal region [Buhl and Dann 1991] and EC layers III and V. Other structures that 
undertake spatial processing such as presubiculum, parasubiculum, anterior thalamus, 
retrosplenial and parietal cortex [Moser et al. 2008] may be secondarily worth analysing. 
Functional studies in circuitry between the cortex, EC and hippocampus would be useful to 
understanding information flow and the topography of spatial processing. There is a need for 
behavioural studies in fruit bats to test their capacity for spatial memory, which is already 
advanced in microbats [Winter and Stich 2005] but where the influence of the ‘echolocation 
advantage’ cannot be discounted. Investigating more species of fruit bats facing different 
ecological demands, would be useful to the understanding of the architecture and function of the 
EC and hippocampus.  
 
Olfactory system: Fruit bats use olfactory senses for spatial orientation and navigation, as shown 
for locating ripe fruit [Hodgkison et al. 2007; Raghuram et al. 2009], and the structural plasticity 
serves to adapt to increased demands in odour discrimination and memory. This may reflect the 
diversity of odour inputs, but it may be that the bats additionally use olfactory stimuli in the 
form of an ‘olfactory map’, as in homing pigeon navigation where it has been suggested that the 
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hippocampus and piriform cortex cooperate in the navigational map learning [Gagliardo et al. 
2005]. Bats already show sophisticated and complex forms of memory-based spatial behaviours 
which have been related to the olfactory sense in birds [Papi 1991], namely homing [Holland et 
al. 2006] and migration [Richter and Cumming 2008]. The similarity in the connections of the 
piriform cortex in birds and mammals suggests that the structures were derived from a common 
evolutionary ancestor and share a similar functional role [Bingman et al. 1994]. Fruit bats have 
large home ranges and are therefore likely to navigate into unfamiliar territory. Homing pigeons 
are suggested to use local environmental odours to determine the direction of displacement in 
unfamiliar territory, and then other cues to guide navigation back to roost [Benvenuti and 
Wallraff 1985]. Olfactory cues may therefore be used not just to enhance foraging efficiency but 
also in navigation. There may be a case for odour-guided spatial navigation in fruit bats, 
suggesting further research in olfactory sensitivities and qualitative odour discriminations in 
fruit bats. Additionally piriform characteristics in different bat species that use olfaction for 
different purposes, for example mother-young relationships, sexual behaviour etc [Baron et al. 
1996c] would provide useful comparisons. Other useful information would come from tracking 
the flight of the bats, from roost to foraging sites to determine the routes followed and therefore, 
the cues that guide this behaviour. 
 
The overall conclusion is that olfaction which guides foraging behaviour may play a role in 
spatial navigation in fruit bats, as in the homing pigeon. 
 
Evolutionary convergences 
With regard to evolutionary debates on fruit bats and primates, there is a lot of convincing 
evidence from molecular studies [Teeling et al. 2000] and paleontological findings [Simmons et 
al. 2008] that place the fruit bats firmly in Chiroptera. Shared brain characteristics between fruit 
bats and primates are explained by evolutionary convergences, in the mosaic organisation of the 
brain [de Winter and Oxnard 2001]. Various functional subsystems can respond to fairly specific 
natural selection [Hutcheon et al. 2002], and the well-developed deep layers of the entorhinal 
cortex in fruit bats and primates suggest an evolutionary convergence with respect to their 
ecology and biology. CA1 has also been reported to have primate-like characteristics [Buhl and 
Dann 1991], and this makes the fruit bats an ideal model for investigations of CA1-EC-cortical 
interplays. Similarities in biology with primates, such as life span may be responsible for 
regulation of processes, such as the rate of hippocampal neurogenesis. This suggests that fruit 
bats may present a small mammalian model species for investigations on the regulation of 
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hippocampal neurogenesis in long-lived species. The age-related decline in hippocampal and 
piriform neurogenesis, which is in common to all species, suggests that there are processes that 
are similarly tightly regulated across species. 
 
 
Outlook 
 Investigation of other species of fruit bats would be useful for a more representative picture 
and therefore exclude species-specific differences in the findings of the cytoarchitecture of 
the EC, and composition of EC layer II. Generally, further analysis into the spatial 
distributions of layer II cells may help to determine the organisation and kind of 
relationships between cells [Stark et al. 2007]. This may advance investigations on the 
attractor-based spatial representations and modularity in the organisation of the EC, thought 
to be important in elucidating the perception of self-location [Witter and Moser 2006]. 
 
 Gross numerical and qualitative characteristics are not adequate in explaining function, and 
investigations on the connective functional architecture between the EC, hippocampus and 
piriform cortex in fruit bats is necessary. 
 
 Odour-guided spatial navigation in fruit bats is likely, considering the role of olfactory cues 
in foraging, and the prominent plasticity in the piriform cortex, and investigations in this 
direction would be beneficial. 
 
 Investigations involving Rousettus species may determine the influence of echolocation on 
hippocampal plasticity, and including other fruit bat species would help to establish the 
character of piriform and hippocampal cellular plasticity in this taxa. 
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Progress report, laboratory meeting 
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Gatome C. W., Slomianka L., Lipp H.-P., Amrein I.  6 Jul 2010. Neuron numbers, densities and 
sizes in medial entorhinal area layer II in the rat and mouse. Federation of European 
Neuroscience Societies (FENS) Forum. 
Institute of Anatomy, University of Zurich, Zurich, Switzerland 
 
Modelling entorhinal function and the consequences of neuronal losses which accompany 
neurodegenerative disorders requires detailed information on the quantitative cellular 
composition of the entorhinal cortex. Using stereological methods, we estimated the number, 
proportion, densities and size of layer II cells in the medial entorhinal area (MEA), and its 
constituent caudal entorhinal (CE) and medial entorhinal (ME) fields, in the rat and mouse. We 
estimated MEA layer II to contain ~58,000 neurons in the rat and ~24,000 neurons in the 
mouse. Field CE accounted for more than three-quarters of the total in both species. In the rat, 
MEA layer II is comprised of 38% ovoid stellate cells, 29% polygonal pyramidal cells and 17% 
pyramidal cells. The remainder is comprised of much smaller populations of e.g. horizontal 
bipolar, tripolar, oblique pyramidal and small round neurons. In the mouse MEA layer II is 
comprised of 51% ovoid stellate cells, 23% polygonal pyramidal cells and 15% pyramidal cells. 
Significant species differences in the proportions of ovoid and polygonal stellate cells suggest 
differences in physiological and functional properties, perhaps mirroring differences in 
functional phenotypes in this layer. The vast majority of MEA layer II cell contribute to the 
entorhino-hippocampal pathways. The degree of divergence from MEA layer II to the dentate 
granule cells was similar in the rat and mouse. The only dorsoventral difference we observed is a 
gradient in polygonal stellate cell size, which may relate to the dorsoventral increase in the size 
and spacing of individual neuronal firing fields. Supported by Rita Levi Montalcini Fellowship for 
African Women in Neuroscience, SNF and NCCR “Neural Plasticity and Repair”.  
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Gatome C. W.1, Amrein I.1, Mwangi D.K.2, Slomianka L.1, Lipp H.-P.1 19 Oct 2009. A 
comparative study of the entorhinal cortex of the Megachiroptera: Wahlberg’s epauletted fruit 
bat and the straw-coloured fruit bat.  Society for Neuroscience (SfN), Abstract no. 464.21. 
1 Institute of Anatomy, University of Zurich, Zurich, Switzerland 
2 Department of Veterinary Anatomy and Physiology, University of Nairobi, Nairobi, Kenya 
 
This study compares the cyto- and chemoarchitectonic organisation of the entorhinal cortex of 
the Megachiroptera, Straw-coloured fruit bat (Eidolon helvum) and Wahlberg’s epauletted fruit 
bat (Epomophorus wahlbergi). Using Nissl and Timm stains, parvalbumin and SMI-32 
immunohistochemistry, we identified medial and lateral entorhinal subdivisions. The medial 
subdivision (MEA) is characterised by a poor differentiation between layers II and III, a distinct 
layer IV and broad and stratified layers V and VI. The lateral subdivision (LEA) is distinguished 
by cell clusters in layer II, a clear differentiation between layers II and III, a wide columnar layer 
III, and a broad sublayer Va. We identified five fields based on the laminar cytoarchitecture. MEA 
in the Straw-coloured fruit bat presented a layer II with a prominence of pyramidal neurons, 
whereas stellate cells were commonly observed in Wahlberg’s epauletted fruit bat. Clustering 
and island formation in layer II of LEA was more typical of the Straw-coloured fruit bat. Timm-
staining was most intense in sublayer Ia, and layers II and III of LEA. Parvalbumin-like staining 
varied along a medio-lateral gradient with highest immunoreactivity in layers II and III of LEA. 
SMI 32-like immunoreactivity was seen  primarily in layer III of LEA but only in Wahlberg’s 
epauletted fruit bat suggesting differences in local microcircuitry. Stereological cell-size 
measurements in layer II of MEA shows 3 types of neurons, classified as large, intermediate and 
small. The ratio between the 3 neuronal types favours an intermediate-sized neuron as the main 
neuronal type in the Straw-coloured fruit bat. In Wahlberg’s epauletted fruit bat, the large and 
intermediate neurons are approximately of equal proportion. These Megachiroptera present 
unique models for the functional investigation of the entorhinal cortex and role of the layer II 
pyramidal cell input into the hippocampus. 
 
Supported by Rita Levi Montalcini Fellowship for African Women in Neuroscience, SNF and 
NCCR “Neural Plasticity and Repair” 
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Gatome C. W. 1, Amrein I. 1, Mwangi D.K. 2, Slomianka L. 1, Lipp H.-P. 1 11 Sep 2009. A 
comparative study of the entorhinal cortex of the Megachiroptera. Neuroscience Centre Zurich 
(ZNZ) Symposium, Abstract no. 100. 
1 Institute of Anatomy, University of Zurich, Zurich, Switzerland 
2 Department of Veterinary Anatomy and Physiology, University of Nairobi, Nairobi, Kenya  
 
This study compares the cyto- and chemoarchitectonic organisation of the entorhinal cortex of 
the Megachiroptera, Straw-coloured fruit bat (Eidolon helvum) and Wahlberg’s epauletted fruit 
bat (Epomophorus wahlbergi). Using Nissl and Timm stains, parvalbumin and SMI-32 
immunohistochemistry, we identified medial and lateral entorhinal subdivisions. The medial 
subdivision (MEA) is characterised by a poor differentiation between layers II and III, a distinct 
layer IV and broad and stratified layers V and VI. The lateral subdivision (LEA) is distinguished 
by cell clusters in layer II, a clear differentiation between layers II and III, a wide columnar layer 
III, and a broad sublayer Va. We identified five fields based on the laminar cytoarchitecture. MEA 
in the Straw-coloured fruit bat presented a layer II with a prominence of pyramidal neurons, 
whereas stellate cells were commonly observed in Wahlberg’s epauletted fruit bat. Clustering 
and island formation in layer II of LEA was more typical of the Straw-coloured fruit bat. Timm-
staining was most intense in sublayer Ia, and layers II and III of LEA. Parvalbumin-like staining 
varied along a medio-lateral gradient with highest immunoreactivity in layers II and III of LEA. 
SMI 32-like immunoreactivity was seen  primarily in layer III of LEA but only in Wahlberg’s 
epauletted fruit bat suggesting differences in local microcircuitry. Stereological cell-size 
measurements in layer II of MEA shows 3 types of neurons, classified as large, intermediate and 
small. The ratio between the 3 neuronal types favours an intermediate-sized neuron as the main 
neuronal type in the Straw-coloured fruit bat. In Wahlberg’s epauletted fruit bat, the large and 
intermediate neurons are approximately of equal proportion. These Megachiroptera present 
unique models for the functional investigation of the entorhinal cortex and role of the layer II 
pyramidal cell input into the hippocampus. 
 
Supported by Rita Levi Montalcini Fellowship for African Women in Neuroscience, SNF and 
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hippocampal neurogenesis and mossy fibre distribution in two species of African frugivorous 
bats. Neuroscience Centre Zurich (ZNZ) Symposium, Abstract no. 111. 
1 Institute of Anatomy, University of Zurich, Zurich, Switzerland 
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Several reports have provided correlational evidence that adult hippocampal neurogenesis is 
involved in spatial learning and memory, while others have contradicted it. Therefore, we have 
started to study adult neurogenesis in bats, which are unique in small mammals with respect to 
navigational abilities. Recent published data in the different species of Microchiroptera showed 
absent to relatively low levels of adult hippocampal neurogenesis and varying mossy fiber 
distribution. However, these findings were difficult to correlate with the habitat type and 
foraging strategy.  Fruit bats have a comparatively well developed hippocampus, and it is 
hypothesized that an enhanced spatial memory is important to remember unpredictable food 
sources, and also to support migratory behaviour. In this study, we investigated two fruit bats, 
Eidolon helvum and Epomophorus wahlbergi, differing in the complexity of their foraging 
strategies and migratory behaviour, for adult neurogenesis by means of immunohistochemistry, 
and visualized their hippocampal mossy fiber distribution by means of Timm staining. Early 
comparative results on neurogenesis and mossy fiber size will be presented. 
Supported by SNF, IBRO and NCCR “Neural Plasticity and Repair”. 
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Several reports have provided correlational evidence that adult hippocampal neurogenesis is 
involved in spatial learning and memory, while others have contradicted it. Therefore, we have 
started to study adult neurogenesis in bats, which are unique in small mammals with respect to 
navigational abilities. Recent published data in the different species of Microchiroptera showed 
absent to relatively low levels of adult hippocampal neurogenesis and varying mossy fiber 
distribution. However, these findings were difficult to correlate with the habitat type and 
foraging strategy. Fruit bats have a comparatively well developed hippocampus, and it is 
hypothesized that an enhanced spatial memory is important to remember unpredictable food 
sources, and also to support migratory behaviour. In this study, we investigated two fruit bats, 
Eidolon helvum and Epomophorus wahlbergi, differing in the complexity of their foraging 
strategies and migratory behaviour, for adult neurogenesis by means of immunohistochemistry, 
and visualized their hippocampal mossy fiber distribution by means of Timm staining. Early 
comparative results on neurogenesis and mossy fiber size will be presented. 
 
Supported by SNF, IBRO and NCCR “Neural Plasticity and Repair”. 
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It was commonly believed that neurons in the central nervous system of higher vertebrates were 
formed during embryonic development and that no new neurons were formed postnatally. 
Currently, there is substantial evidence that a number of new neurons are continuously 
produced in the adult vertebrate brain and this has been shown in rodents, birds and primates. 
The hippocampus is one of the brain regions with lifelong neurogenesis in mammals. Several 
reports have provided corelational evidence that adult hippocampal neurogenesis is involved in 
learning and memory. The ability of bats to memorise structures within their foraging area has 
long been recognised, and anecdotal evidence suggests that spatial memory is crucial for 
orientation in bats. Comparative analysis of the size of sensory nuclei and hippocampus of 
numerous bat species has shown that habitat type and foraging strategy are the main factors 
determining the size of these structures. There are two suborders within the Chiroptera, the 
Microchiroptera and fruit bats. Fruit bats have the better developed hippocampus and they 
benefit from enhanced spatial memory by remembering the location of unpredictable but 
stationary food sources. They use vision as the major telereceptive sense. Microchiroptera differ 
from fruit bats in having an exceptionally well-developed auditory system and making use of 
echolocation to detect obstacles and prey. Recent published data in the Microchiroptera reports 
an absent to relatively low level of adult hippocampal neurogenesis. Using 
immunohistochemical and stereological techniques, this study attempts to correlate the extent 
of neurogenesis in the hippocampus of two free-living species of fruit bats (Epomophorus 
wahlbergi and Eidolon helvum) with their biology and behaviour. A comparison with also be 
made between these fruit bats and the findings in the Microchiroptera. 
 
Study supported by IBRO studentship to CWG 
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